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Introduction and scope of the thesis 
Introduction 
Learning to write is a complex process in which the development of cognitive 
functions and the motor system play an important role (Meulenbroek & Van 
Galen, 1988; Hulstijn & Van Galen, 1988; Portier, Van Galen, & Meulenbroek, 
1990). It is commonly held that motor development of the child progresses 
according to certain patterns (Gesell, 1940; Illingworth, 1978). One of the causal 
factors of such structural patterns is neuromotor maturation. In line with this 
maturational development during a child's early years, a shift takes place from a 
predominance of massive to more isolated movements as well as from proximal to 
distal movements. In this developmental pattern, the axis of movement gradually 
shifts from the shoulder joint via the elbow to the hand and fingers. Finally, at the 
age of five, this maturaty process enables the child to make the fine movements 
required for writing. Movement of the pen in a proximal-distal axis is produced by 
flexion or extension of the radial digits, in particular the interphalangeal joints 
(Long, Conrad, Hall, & Furier, 1970). This basic pattern is supplemented by a 
flexion or extension movement in the wrist accompanied by a certain amount of 
radio-ulnar deviation. The sequencing of letters and words from left to right 
requires a horizontal displacement that results from elbow and shoulder actions. In 
young and non-proficient writers, the above distal movements may not easily be 
performed, so that they are compensated for by movements in the shoulder and 
elbow. Furthermore, these subjects may show less mature pen grips, for instance a 
cross thumb grasp instead of the dynamic tripod grasp (Sassoon, Nimmo-Smith, & 
Wing, 1986). 
In line with earlier studies on aiming (Hay, 1979, 1984), developmental 
analyses of the kinematic features of handwriting (Meulenbroek & Van Galen, 
1988) have shown a non-monotonic development. At the age of five or six, 
children show a predominance of fast ballistic movements, characterized by short 
duration and high peak velocity. The next phase in movement development is a 
relatively unstable period at the age of seven or eight, when movements are 
decomposed into several submovements. At the age of nine or ten mature, 
medium-speed, once again ballistic movements start to predominate. The further 
development of these mature and effective movement strategies lasts until the age 
of about fifteen. Initially, letter forms are learned according to the strict rules of a 
specific handwriting curriculum but during a long learning process letter forms 
become more and more adapted to an individual's preferred movements and 
shapes, which make up his or her personal style (Hamstra-Bletz, 1993). Hay 
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(1979, 1984), Meulenbroek and Van Galen (1988), and Wann (1987) share the 
idea that mature and effective movement strategies are characterized by smooth 
velocity profiles, showing minimal disturbances in the acceleration or deceleration 
phase. 
Development is thought to be the consequence of a complex interplay between 
biological, psychological, and social factors (Lewis & Miller, 1990). The child's 
level of motor proficiency is largely dependent on the interaction between 
neuromotor maturation and previous learning conditions. Learning is a relatively 
permanent behavioral change as a result of experience and practice (Singer, 1971). 
Ultimately, the smallest elements for learning are the neurons (the brain contains 
approximately 1012 neurons). Through its structural characteristics, the brain and 
the neuromuscular system are uniquely prepared for (self)leaming. The central 
nervous system is a highly interconnected dynamic system capable of modifying 
sensory input in such a way that the ongoing activity may be changed, and 
behavior is modified. The ultimate development of this neurological network, 
however, depends on learning experiences: On the co-occurrence of afferent and 
efferent signals which selectively modulate the strength of synaptic transmission. 
Without a sufficient variety of learning experiences (co-occurrences), the full 
potential of the brain will not be reached which will result, for example, in a less 
flexible interplay between sensory, cognitive, and motor processes. This will limit 
the number of options an individual has at his disposal in adapting his motor 
behavior to various environmental situations. 
As people age, changes occur in motor performance resulting from 
physiological maturation and learning, but this development may interact with 
pathological disturbances if present. If two adult persons are compared, the motor 
performance between these persons may vary greatly, even more than between 
young individuals. In other words, the development of motor performance 
proceeds according to certain general patterns, but at the same time it shows large 
interindividual variability. In a proportion of the population, the physiological 
maturation and learning is complicated by pathology. Because of the complex 
nature of the process, writing behavior in particular is extremely sensitive to 
diminished possibilities of the child in the conditional sphere (perception, 
cognition, motor system) and to variations in the load on the information 
processing system. A question which is important for the practioner as well as the 
scientific researcher is whether normal physiological and functional variability 
can be distinguished from pathological delay and disorders. The latter conditions 
may lead to lasting impoverished levels of performance in psychomotor 
performance. 
A pathological delay is said to exist when a child does not reach 
developmental milestones at the statistically expected ages, taking the broad 
variation among normal children into account. Delay may result from a biological 
factor (nature) or from an environmental factor (nurture). Despite the 10 % 
prevalence of developmental delay (Drillien, Pickering, & Drummond, 1988), the 
early identification of the underlying causes of such problems remains difficult. 
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A disorder is a condit ion caused by diminished possibilities of the individual in 
the conditional sphere: any loss or abnormality in psychological , physiological , or 
anatomical structure or function. Although severe developmental disorders can be 
recognized in infancy, it is unusual to diagnose Developmental Coordination 
Disorder, hyperactivity, and speech impairment in children before the age of three 
or four years and learning disabilities before the age of six (Palfrey, Singer, 
Walker , & Butler, 1987). The primary models for the explanation of 
developmental disorders are not just impairment related deficiency models but 
also transactional models (Sameroff & Chandler, 1975; Touwen, 1981; Smits-
Engelsman, 1991). In the latter theoretical models , the perceived competence of 
the subject is explained by the lasting interaction be tween the child ( impairment 
being present or not) and the people in his environment. A n example is found in 
the child with Development Coordination Disorder that gives up on football 
because he is never chosen to play in a game and is laughed at by his classmates. 
H e misses the thrive to train the skill and will not reach his developmental 
potential. 
Establishing the presence of developmental disorders can be challenging. 
However , the wide normal variation among children often makes them easily 
overlooked. Furthermore, there is a natural reluctance about confronting parents 
with a painful reality which accounts for the common pitfall of overreliance on 
normal variation as an explanation for behavioral problems. The phrase "An extra 
year of kindergarten will help him to grow out of it" is a phrase that should be 
used less often (Smits-Engelsman, 1991; First & Palfrey, 1994). 
Is there any benefit in the early identification of developmental disorders? 
There is increasing evidence that early identification helps both children and 
parents (Bennet & Guralnick, 1991). The nervous system is more malleable and 
responsive in young than that in older children. After identification of a disorder, 
parents understand that their child may develop along a different trajectory, and 
they can tailor their expectations to match the child's level of competence . 
Stimulation (or creation) of factors that shield the individual from environmental 
hazard (Rutter, 1987) can form a protective shield and allow some individuals to 
make some surprisingly healty adaptations despite seemingly debilitating 
circumstances (Garmezy, 1985). For instance, the fact that the child experiences 
appreciation for w h o he or she is, can be an important preventive against 
secondary emotional disability. 
As stated above, writing behavior is extremely sensitive to disorders because 
of the complex nature of the process. The purpose of the research presented in this 
thesis is to make a contribution to the differential diagnosis and quantification of 
impairments or developmental disorders in young children (6-12 years of age) 
using fine-motor control markers. Relevant markers must be differentially 
sensitive to normal developmental variation on the one hand and to neurological 
or musculo-sketal impairment on the other. The type of measurement used in this 
thesis is based on computer-recorded handwrit ing movements . Handwri t ing 
research has a high ecological validity justified by the relation of experimental 
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A process-oriented approach 
In this thesis the view is defended that the study of the psychological development 
of handwriting as a psychomotor skill is better served by a systematic exploration 
of the developmental pace of the underlying psychomotor processes. Many studies 
have concentrated on the quality of the handwriting product, whereas in the 
present thesis attention will be shifted to the handwriting process and its possible 
deficiencies. It should be emphasized that the experimental methods used in the 
present thesis differ from those used in most product-oriented studies of 
handwriting. Whereas the latter studies are mainly focused on the evaluation of 
the finished products of writing performance (see Askov, Otto, & Askov, 1970; 
Mojet, 1991; Peck, Askov, & Fairchild, 1980; Simner, 1986, 1991), the present 
studies are predominantly concerned with the handwriting movements themselves 
and with the psychomotor modules that subserve the instantiation and control of 
these movements. 
From our process-oriented point of view (Teulings, 1988; Meulenbroek, 1989; 
Portier, 1992; Van Mier, 1992), the aim of designing writing and drawing tasks 
for experimental and diagnostic purposes is to investigate whether and to what 
extend problems in motor performance are related to dysfunction of specific 
psychomotor modules assumed to underlie handwriting performance. By using 
computerized signal processing, we have been able to record and analyze spatial 
as well as temporal aspects of handwriting movements in great detail. Moreover, a 
specific experimental method was developed, which we named the process 
loading task method. In this method, to be described later in more detail, tasks are 
structured such that a specific task demand represents a specific aspect of the 
psychomotor model. This method enables the experimenter to relate task demands 
directly to process dimensions, and it opens up various possibilities to investigate, 
in a precise manner, the psychomotor processes which form the basis of an 
eventual reduction in motor skill proficiency. For example, the question may be 
answered whether the overall slowing down of movement with brain damage, 
which is a robust finding in neurology, is only caused by a decline in response 
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speed, as has been found on a variety of motor tasks (Van Mier & Hulstijn, 1992), 
or whether other motor control processes are involved as well? 
Scope of the thesis 
The present thesis finds its origins in a project to contribute to the scientific study 
and treatment of disabilities of handwriting and related fine motor skills in 
children. The primary research question in this project is whether poor 
handwriting is related to any specific subprocess of the ensemble of cognitive and 
motor processes involved in the performance of writing tasks. In the project we 
tried to answer six related questions each of which are covered in the chapters of 
the thesis. 
These related questions are: 
1. What is in quantitative terms the incidence of problems with the mastery of 
handwriting in the general population of children in elementary school? 
(Chapter 3). 
2. To what degree is an ordinary teacher in elementary school fit to give a 
reliable judgment about a child's deficiency of handwriting as compared to 
standardized tests? (Chapter 3). 
3. Is, from the perspective of modem psychomotor theory, poor handwriting to be 
attributed to any of the underlying motor and/or attentional processes? 
(Chapter 4). 
4. To what extent is the failure to arrive at a sufficient level of skill within the 
normal training conditions a persistent individual trait instead of a transient 
developmental lag? (Chapter 5 and 6). 
5. If, what is argued in answering the third question, it is the recruitment of the 
distal musculature that is the most likely candidate component of ill-
functioning in the group of children under study, how then may their problem 
be characterized in terms of recent biomechanical advances in our 
understanding of motor behavior? (Chapter 6). 
6. What implications may be derived from the findings in answering the previous 
questions for the current notions on the diagnosis and classification of 
deficiencies of fine motor skills as formulated in DSM-IV (1994)? (Chapter 7). 
As a guideline for the primary research question, whether poor handwriting is 
related to any specific subprocess of the ensemble of cognitive and motor 
processes involved in the performance of writing tasks, a psychomotor model of 
handwriting which has recently been proposed and documented by Van Galen 
(1991) will be introduced in Chapter 2. Essential to the model is that handwriting 
is considered to be a multi-stage process. During this process, intentional and 
semantic information is transcoded through lexical and phonological processors in 
order to activate selected letter forms in their appropriate order. Subsequently, the 
required size and speed, as well as the muscle coordination which are optimal for 
the given biomechanical context of hand and finger positions are set. In particular, 
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the three final stages of the model (allograph selection, size control, and muscular 
adjustment) are psychomotor in nature and are considered to be possible 
candidates for the localization of a handwriting deficiency. In the present study, 
we will search for potential psychomotor dysfunctions related to poor handwriting 
through the testing of poor and proficient writers with handwriting tasks which 
systematically vary processing demands proposed to be related to the final three 
stages of the model (process loading task method). 
Before presenting the empirical data from our research project on the 
development of handwriting and poor handwriting performance, we will report on 
a field study. This study, reported in Chapter 3, examines the prevalence of 
writing problems and the precision of the judgement of writing proficiency by 
teachers of elementary schools. The prevalence of problems in handwriting 
education relates to the practical relevance of this study. A comparison was made 
between the estimation of the handwriting performance by the teachers, 
psychomotor test scores, and the objectively measured computer variables. We 
wanted to see whether teachers' judgements can be used in field research, and 
whether there is a diagnostic potential of computer analysis in identifying children 
with handwriting difficulties. The investigation was conducted to study the 
prevalence of writing problems in large sample of elementary school children 
(n=746) and to assess the validity of the judgment of their teachers (n=32) 
concerning the children's motor proficiency and writing abilities. From the overall 
sample, a subsample of 110 children (between 7-12 years of age) were tested on a 
Test of Motor Proficiency, and 48 children were administered experimental 
writing tasks. The judgement data of the teachers were compared with the 
measurements on the Motor Proficiency Test and the writing tasks. Based on the 
teachers' ratings, the prevalence of severe writing problems was estimated at 22% 
of the population. The teachers' estimation of handwriting performance appeared 
to predict performance on the other handwriting tasks most accurately. 
Theory-based diagnosis of handwriting performance 
Although writing problems are encountered quite frequently in school and clinical 
practice, field research often is characterized as lacking a theoretical framework to 
guide the investigations (Kalverboer, 1993). The inadequacy of current 
psychomotor examinations to determine the locus (or process) of the motor 
coordination problem has been shown in many studies. To accommodate the need 
of a theory-based framework for psychomotor examinations, a research strategy 
has been developed and tested in three experimental studies (Chapters 4-6) on 
children characterized by a poor handwriting skill and on children of different age 
groups. The theoretical framework has become the basis for conceptually founded 
measuring instruments used in the proposed psychomotor assessment (Smits-
Engelsman, Van Galen, & Portier, 1994a). The same levels of (poor) motor 
performance may have different aetiologies, different loci of deficit which may 
not be based on a homogenous uni-dimensional problem. As a consequence of the 
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well-proved flexibility of the central nervous system different combinations of 
factors may result in the same functional outcome (i.e., a specific type of poor 
handwriting) because there are different routes by which the psychomotor system 
can arrive at the same end result or functional state. Furthermore, for deficiencies, 
various adaptive processes may accompany individual motor development. 
Therefore, any causal linkage between the overt motor deficiencies and the 
underlying neurological architecture is ambiguous. Understanding the motor 
coordination process, nevertheless, is vital for the evaluation of development and 
the treatment of patients. To tackle this problem, motor performance tasks need to 
be founded on a well defined theoretical framework. The design of the tasks used 
in this thesis was guided by scientific knowledge of motor control and the 
mechanisms which underlie goal directed behavior and writing skills. This 
knowledge enabled us to design the so-called process loading task method. The 
task demands, in the process loading task method, were chosen in such a manner 
that they represented as much as possible one specific component of the 
psychomotor model. With this framework, the child's current level of motor 
development can be determined. In diagnostic procedures, moreover, the motor 
problems can be linked to various aspects of motor control by selectively 
manipulating the 'load' of the tasks, according to the proposed model. 
The theory-based examination is used in the two following chapters to 
differentiate between developmental features and deficiencies of the motor 
processing stages. In Chapter 4 it is shown that both young and poor writers are 
significantly, but differentially sensitive to experimentally manipulated tasks 
demands. The results support the hypothesis that poor writers have a poor 
muscular initiation. Movements of the less proficient children were larger, were 
produced with higher movement velocities, and were particularly sensitive to 
increased spatial accuracy demands. Other findings were that in young children 
(eight years of age) selection of the motor program for the allograph is a critical 
task demand. This difference disappears at later ages. As for size control, it turned 
out that younger children had more difficulties in producing larger letter sizes, 
probably because of their failure to plan and execute longer line trajectories. 
Chapter 5 presents a study on the persistence of fine-motor skill deficiencies. 
Task proficiency is analyzed in a longitudinal design with 8 poor and 8 proficient 
writers. Significant interactions between proficiency level (poor versus good 
writers) and development were only found for spatial features. The results showed 
differences between the poor and the good writers in developmental pace 
regarding the effects of size variation. One year later, the poor writers made more 
overshoots when they had to write large letters and more undershoots when they 
had to write small letters. In contrast, good writers developed fairly consistently 
toward more proficient writing performance. The poor writers did not catch-up, 
nor did their proficiency improve much over a period of one year. 
In Chapter 6 a set of relatively new measures, namely noise spectra, recently 
developed by Van Galen and Schomaker (1992), were used as an indicator of the 
noisiness of the motor system. One of the possible causes of spatial inaccuracy 
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Implications of theory-based research on motor control problems for diagnosis 
and treatment 
In recent years the diagnostic term Developmental Coordination Disorder (DCD) 
(DSM-IIIR, 1992) has been introduced as the generally agreed description of a 
specific motor deficiency syndrome in children. What implications may be 
derived from the findings in our research for the current notions on the diagnosis 
and classification of deficiencies of fine motor skills as formulated in DSM-IV 
(1994)? Writing problems are the most frequently mentioned symptoms in 
children with DCD. It may be concluded, therefore, that the skill of handwriting is 
sensitive to neuromotor and neuropsychological disorders (Schoemaker, 1992; 
Lezak, 1983). An advantage of using writing tasks in psychomotor research is that 
modem equipment like computer-monitored digitizers have opened up various 
possibilities to investigate, in a very precise manner, the psychomotor processes 
which form the basis of the skill. For the differential diagnosis of motor control 
problems, however, it is essential to define features that characterize the various 
disorders in more specific terms. The optimal strategy for the applied study of 
motor development and motor behavior involves a balance between clinical 
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observation and laboratory experiments. Age norms and milestones (in 
psychomotor tests) are very useful because they assist us in forming expectations 
about age-specific performance. However, such norms have severe limitations. 
Firstly, age norms are highly dependent on the group on which they are based. 
Secondly, and more importantly, is the fact that the use of age norms as a clinical 
tool does not distinguish between maturational lag and pathological development. 
The third problem concerns test validity. As motor performance is always task 
specific, the assessed level of motor performance depends largely on which of the 
underlying motor processes are tested by the combination of items in that 
particular psychomotor test. Therefore, structured observation of movement 
patterns (motoscopic observation) seems to be crucial because it may reveal 
qualitative features of (sub)optimality of performance. There is a growing notion 
that so-called soft or minor neurological signs should be taken seriously (Tupper, 
1986; Touwen & Sporrel, 1979; Henderson, 1993; Touwen, 1993). Structured 
motor behavior observations provide a descriptive framework of the motoscopic 
observation and are almost a prerequisite for the interpretation of the results of 
psychomotor tests and experimental tasks. 
As mentioned above, the common feature of dysgraphic children is that even 
with the proper amount of instruction and practice, they fail to make sufficient 
progress in the acquisition of the fine motor task of handwriting. Dysgraphic 
handwriting lacks consistency (Keogh & Sugden, 1985), and this is not due to 
carelessness or ignorance. As stated, we introduced a new method to estimate 
neuromotor noise (PSDA) in order to gain insight into the process of controlling 
the accuracy of movement. We noted that PSDA data revealed that handwriting 
movements of poor writers were substantially more noisy than those of proficient 
writers, and that poor writers were less successful in adapting the level of 
accuracy to increased task demands. A likely candidate for dysfunction in 
dysgraphia is the process of muscular initiation or, in neuromotor terms, the 
process of motor-unit recruitment. At a theoretical level, our study revealed the 
latter processing stage to be a possible locus of the deficit. 
In Chapter 7 clinical observations were used to validate the results of the 
laboratory experiments. To this end a comparison has been made of the data from 
structured motor behavior observations and psychomotor tests to the experimental 
data, in order to validate the specific hypothesis concerning the underlying 
dysfunction of the motor-unit recruitment process. In this chapter we present the 
results of an extensive assessment protocol that determined psychomotor, 
academic, social, and subjective functioning of the children that took part in the 
experimental studies. It appeared that following the administered assessment 
protocol, the group of poor writers was most typically characterized by a high 
degree of involuntary associated movements (dyskinesia), a lower level of 
discreetness of movements, spatial inconsistencies, and fine-motor deficits. Their 
movements seem to be less well articulated and/or inhibited. The clinical 
observations, thus, are in accordance with the hypothesis in terms of the 
psychomotor model that the deficit in dysgraphic children is caused by poor 
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motor-unit recruitment during the muscular initiation stage. 
In the present thesis we have been able to relate motor development and 
categories of motor deficiencies to a psychological model of psychomotor 
functioning. Features that characterize the various kinds of disorders in more 
specific terms and that can be used for differential diagnoses of motor control 
problems have been defined. The study of handwriting movement has shown to be 
a promising route towards gaining insight into normal or deviant motor 
development and motor deficiency. The validity of our approach was illustrated 
by the correspondence between experiments and observations in clinical practice 
and in daily life. It has been shown, by our attempts to investigate which problems 
in motor performance are related to a dysfunction of a specific psychomotor 
module, that handwriting tasks developed from a process-oriented point of view 
can be of experimental and diagnostic use. The predictions by the model on the 
effect of specific task manipulations were tested and discussed in this thesis. 
Insights in underlying mechanisms is a prerequisite for improving clinical 
diagnosis and treatment (Kalverboer, 1993). We conclude that theory-based 
diagnosis and treatment may constitute a useful strategy for the applied study of 
motor behavior. However, an important step still has to be made. Although the 
diagnostic applicability of our methods appears promising, future research must 
show to what extent the knowledge gained in these studies can help to optimize 
remediation and rehabilitation programs, and to what degree changes induced by 
such theory-based treatment can be measured by using the process loading task 
method and noise spectra. 
Results from our first evaluation study, not reported in this thesis, seem to 
justify some optimism (Smits-Engelsman & Schoemaker, 1994; Smits-Engelsman 
& Schoemaker, 1995; Smits-Engelsman, Van Galen, & Schoemaker, in press) but 
need further verification. In this evaluation study, the effects of physical therapy 
on kinematic variables (movement time, average writing velocity, dysfluencies) 
and on spatial features of the task demands were tested and compared to 
performance on movement tests (Movement-ABC, Henderson & Sugden, 1992) 
and scales for dysgraphia. Results showed that treated children improved more 
than the controls on the movement test and dysgraphia scales. From the kinematic 
analyses, it can be shown that this was most probably caused by a change in 
movement control strategy and not by an improvement of the motor system per se. 
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Introduction 
The purpose of the present thesis is to relate deficient handwriting to a 
psychological model of motor functioning. The method used in the process-
oriented approach relates directly to dimensions of motor behavior. In this study 
we will try to find evidence that specific aspects of motor performance can be 
associated with specific stages of motor control and with disturbances of the 
constituent psychomotor processes. From a process-oriented point of view, the 
aim of the study of handwriting tasks is to investigate whether problems in motor 
performance are related to dysfunction of specific psychomotor modules. In order 
to do this, writing tasks for clinical and diagnostic use had to be developed that 
selectively manipulate the load on various processing stages corresponding to the 
assumed motor control model (Van Galen, 1991; Smits-Engelsman & Teulings, 
1992). Using this 'process loading task method', it is hoped not only to quantify 
movement impairment but, more specifically to identify indicators of the various 
movement disorders. Suitable indices for different movement disorders must of 
course differentiate between subjects with distinct diseases. By using a standard 
set of tasks for specific types of subjects, databases can be built for various 
degrees of movement impairment. Tasks and measures which are strongly affected 
by slow changes on motor control over time are satisfactory as indices of normal 
development. However, measures that are strongly affected by a specific disease 
or dysfunction and which are not typical for normal development are required as 
indices of motor control changes in that specific disease (Smits-Engelsman, Smith, 
& Teulings, 1993). 
Theoretical background: Multi-Module Model of motor behavior 
In the present thesis the motor system is considered as a multi-module system. 
The measurement data obtained with the process loading task method are 
presumed to relate to these modules. The method opens up various possibilities to 
investigate, in a very precise manner, the psychomotor processes which form the 
basis of the deficits in motor skills for a given neurological or musculo-skeletal 
disorder. 
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Multi-Module Model of motor behavior 
Action Planning 
Motor Planning 
Motor Programming 
Parameter Setting 
Motor Initiation 
Motor Outflow 
Figure I. Multi-Module Model of motor behavior. 
The processing levels which are considered relevant to motor tasks are indicated 
in Figure 1 and shall be discussed in the following paragraphs. 
Action Planning Module 
At the intentional level of the model, decisions are made on whether or not action 
should be taken. A certain level of awareness and arousal is required to determine 
whether actions are necessary and if so which actions are appropriate. 
Motor Planning Module 
At the planning level, the physical and cognitive constraints to be controlled 
during the movement yielding to appropriate movement strategies, are 
incorporated (e.g., to pick up an object with an optimized hand orientation). 
Acquired knowledge about motor actions can be categorized into three major 
types: procedural (tacit), declarative, and affective. 
The procedural knowledge about action encompasses all aspects of an action 
sequence including stimulus identification, perception, decision making, response 
selection, and execution, as well as the evaluation of intrinsic and extrinsic 
feedback (Stelmach & Diggles, 1982). Movement-related factual information 
about one's own body, how it operates in space and in relation to the physical 
objects in the environment, is stored in declarative memory. This kind of 
movement-related information is important in acquiring a multiple reference 
system in three-dimensional space that is necessary for flexible use of mental 
space representations (Lockman, 1986). The subjective feelings that people have 
about themselves distilled from all the interactions with objects and other people 
in a variety of environments are stored as affective knowledge. Because clumsy 
children are less skilled, they experience failure more often and may develop 
negative feelings about themselves and about situations in which motor action is 
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required. A result may be a lack of confidence and motivation, negative self 
concept, and general apathy to involvement in challenging situations (Dweck, 
Goetz, & Strauss, 1980; Diener & Dweck, 1980; Watson & Gibson, 1980). Such 
negative affective memories can certainly have a cumulative adverse effect on 
overall daily activities and on the learning of motor skills. 
Motor Programming Module 
Programming can be defined as the process by which movement components are 
retrieved, sequenced, and organized temporally, and by which their relative 
magnitudes are determined to produce a functional movement pattern or synergy. 
Motor programs are abstract and, therefore, effector independent. This module 
arranges the motor task as an organized sequence of motor activity. A generalized 
motor program is theorized to be capable of coordinating movements within the 
same class of actions. The motor programming module activates action patterns 
which are stored in the long-term motor memory. For example, when asked to 
draw a capital letter E, adult subjects activate a general sequence of drawing 
strokes, irrespective of their size and irrespective of the musculature which will be 
used in their realization. 
The current idea is that such a program, together with the matching of input 
and sensory signals, works mainly through an internal loop whose feedback input 
is used to monitor the commands transmitted by the execution system. This 
monitoring copy is matched with the provisional activation values that the 
program has developed through its past experiences. Through long reflex loops, 
the motor system is able to give an answer to environmental stimuli. Postural 
adaptations in self-induced and overlearned movement patterns are prospectively 
integrated and programmed together with the focal movement program. In skillful 
action, postural counter-balance responses are given before and during movement. 
This counter-balance phenomenon is not seen in self-induced but unfamiliar or 
difficult movement patterns. In that case, adaptation occurs by a specific 
cocontraction (increase of tone) which limits the degrees of freedom and makes 
control more simple. Disturbance of balance can be caused by a unfamiliar or ill-
prepared movement initiated by the subject himself and of course also by an 
outside perturbation. These situations would then appeal to the long loop 
corrective mechanisms. 
Parameter Setting Module 
The abstract nature of the motor program makes its necessary to further implement 
biomechanical details in at least the two following stages before execution of the 
movement is possible. One of these parameterizations, is a processing stage that 
regulates the overall dynamic characteristics of a motor act. Through this process, 
size and overall speed of motor actions is regulated. For each complex task (e.g., 
grasping a target and lifting it) the required set of basic motor patterns, based on 
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past experiences, is extracted from a long-term motor memory. Nonmuscle 
specific parameters (e.g., amplitude) are specified in the motor program by the 
parameter setting module. During this stage, the rules of ordering the movement 
components are adapted to the absolute magnitude and durational requirements of 
the movement. Therefore, accordingly to the model, the proper control of dynamic 
aspects of motor tasks such as speed and spatial amplitude is supported by the 
parameterization module. 
Motor Initiation Module 
After the described adaptation of the motor task by tailoring the parameters of the 
motor program the necessary agonist and antagonist muscle forces are initiated for 
the realization of the goal trajectory. This stage, motor initiation, is thought to 
represent the recruitment of appropriate ensembles of motor units in the actual and 
quickly changing biophysical context. In order to get spatially accurate 
movements, the neurological recruitment and muscular initiation of the motor 
units must be appropriate for a task within its momentary biomechanical context. 
The system acts upon the environment and at the same time extracts information 
from it to be sent to the higher levels for monitoring of the programming 
information flow. The role of this stage, which is adaptation of the actual pattern 
of force recruitment to variance that originates from biophysical influences on the 
realization of real-time movement trajectory, is held responsible for the 
remarkable constancy of motor acts in an ever changing biophysical environment. 
Handwriting tasks as diagnostic tools 
The framework of the model of handwriting production (Van Galen, 1991) upon 
which the writing tasks described in this study are based, is analogous to the 
above mentioned more general multi-module model of motor behavior. Many of 
the details for the above-presented model have in fact been collected in studies of 
handwriting behavior in a considerable body of knowledge that provides evidence 
that the kinematics of handwriting movements reflect the underlying psychomotor 
processes (i.e., Teulings, Thomassen, & Van Galen, 1983; Teulings, 1988; 
Thomassen, Meulenbroek, & Tibosch, 1991; Hulstijn & Van Galen, 1988; Van 
Galen, Smyth, Meulenbroek, & Hylkema, 1989; Van der Plaats & Van Galen, 
1990; Van Galen, 1991; Portier, Hylkema, Meulenbroek, & Van Galen, 1991; 
Van Mier, Hulstijn, & Petersen, 1991; Smits-Engelsman & Portier 1991b; Portier, 
Van Galen, & Thomassen, 1993; Hulstijn, Van Mier, & Van Hoof, 1994). 
Also in the present thesis, the view is held that for writing tasks the process of 
movement production may be divided into a number of subprocesses which are 
thought to take place in separate functional modules. The demonstrated movement 
responses are the result of the hierarchical processing of movement 
representations through distinct motor modules. Although the description of the 
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multi-module model is hierarchical, all modules can be engaged simultaneously. 
Higher modules are merely thought to operate on units of a larger size and further 
ahead of the current part of the movement preparation, and they are thought to be 
monitoring at a more abstract level than the lower modules (Schomaker & Van 
Galen, in press). In the above, general description of the multi-module model of 
motor behavior, the highest levels were directly related to cognitive and 
neuropsychological aspects of action planning and refer to the intentions, 
cognitive structures, and attentional processes needed to process voluntary 
actions. In handwriting production, the higher levels are directly involved in 
psycholinguistic aspects of processing handwritten messages and refer to the 
intentions, semantic structures, and syntactical processes needed to produce a 
message in writing (Levelt, 1989). 
The present thesis is confined to the motor part of the handwriting system. In 
its most simplified form, it contains a motor memory, in which all letter shapes 
have been stored (e.g., Teulings, Thomassen, & Van Galen, 1983), a movement-
unit retrieval process, in which the appropriate allographs are extracted from that 
motor memory. Subsequently, the retrieved motor program needs to be adapted to 
each concrete execution condition. The adaptation is done at two levels: 
specification of muscle-independent global scale parameters (e.g., writing speed, 
writing size) at the parameter-setting level and specification of the muscle-
dependent parameters (e.g., letter orientation, slant) (Pick & Teulings, 1983) at the 
muscular-initiation level (e.g., Van Galen & Teulings, 1983). The handwriting 
model as it is presented, is a serial-module model in which open loop components 
of the handwriting skill are emphasized. This is not to say that re-afferent and 
sensory feedback mechanisms do not play a role. Subsequent letters of a writing 
pattern are prepared in parallel with executing the preceding letters, while 
gradually processing feedback from these earlier letters (e.g., Van Galen, 1991). 
In a recent version of the model (Van Galen, Teulings, & Sanders, 1994), the role 
of feedback processes is discussed in detail. In cursive script several letters are 
prepared in advance during writing. According to the view presented in the last 
mentioned study, sensory feedback is linked to each of the different stages of the 
model. Thus, visual (and tactile and proprioceptive) information is re-afferented to 
the motor programming module, and size information is fed back to the 
parameterization module. In the same study, empirical evidence was gathered, 
which indicates, that the extent to which sensory feedback is used in the real-time 
control of ongoing motor output is limited. For example, a sudden increase or 
decrease of pen-to-paper friction results in an immediate distortion of the letter 
size, and several letters are produced before letter size is restored on the basis of 
visual or tactile feedback (Denier van der Gon & Thuring, 1965). Although 
feedback loops are included in the model, in proficient handwriting they seem to 
play only a marginal role in monitoring letter formation on a real-time basis. The 
latter is performed as fast as 200-400 ms per letter, so that feedback processing 
will generally be too slow to be effective on a real-time basis. 
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Handwriting tasks and their relation to processing levels 
Since the aim of the thesis is to investigate whether motor performance in specific 
age classes and clinical groups can be related to a specific function of specific 
psychomotor stages, special handwriting tasks had to be developed for 
experimental and diagnostic purposes. With this intention, novel tasks were 
designed that manipulate selectively the processing loads on the various motor 
stages of the motor control model. 
Three separate lower psychomotor modules are specifically addressed in this 
thesis. They are concerned with the selection of letter forms (e.g., allographs), 
with size control, and with muscular adjustment. Motor program or allograph 
retrieval corresponds to the retrieval from long term motor memory of the shape 
of the individual letters. In this study, letter formation ability (allographic 
proficiency) was tested by comparing the production of simple garlands and 
arcades with the production of repeating and alternating letter strings, with the 
latter being the most difficult. 
Size control or parameterization is the process by which size and speed of 
execution are installed and monitored. This process was stressed by writing tasks 
of varying size. In normal, adult writing, size is not a particularly critical variable. 
Within fairly large limits, writing time is invariant to size of letters. The latter 
phenomenon is known as the isochrony principle (Viviani & Terzuolo, 1980). 
However, when viewed more closely and especially in children, size is a much 
more critical motor demand. In an experiment by Van der Plaats and Van Galen 
(1990) it was shown that if subjects in experimental writing tasks had to make 
larger movements than they were accustomed to, the movement time and number 
of dysfluencies increased. Also for children, size deviations from their normally 
practiced sizes result in an increase in movement time. In the Dutch curriculum, 
letter size decreases systematically between the ages 5-7 from more than 6 mm to 
3 mm which corresponds with the letter height criteria in the Concise Evaluation 
Scale for Children's Handwriting (Hamstra-Bletz, De Bie, & Den Brinker, 1987). 
To study the sensitivity of the size controlling stage in the present thesis, 
experimental writing tasks were used in which the demanded writing size was the 
same as well as differed from the normally practiced size. 
Finally, muscular adjustment is presumed to be responsible for the writer's 
adaptation of the prevailing accuracy demands. Proficiency in tuning the distal 
musculature according to current accuracy demands was estimated by observing 
the writer's adaptation to a systematic variation of compliance zones around the 
writing lineation. 
By evaluating existing knowledge and by gathering new data on movement 
features, we expect to be able, in due course, to quantify movement impairment 
and, more importantly to establish potential early indicators for various movement 
disorders. A requirement here is to detect suitable features that differentiate 
between motor performance in specific age classes and in specific clinical groups 
of subjects. With a standard set of items for specific types of subjects, databases 
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can be built for the quantification of movement impairment. By doing so, with 
enough data, we ought to be able to identify handwriting impairments as 
precursors of, or as characteristic of well-defined neurological disorders. 
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Abstract 
The present investigation was conducted to study the prevalence of writing 
problems in elementary school children (n=746) and to assess the validity of 
teachers' assessments (n=32) regarding pupils' motor proficiency and writing 
abilities. Of the total pupil sample, 110 children, aged 7 to 12 years, were tested 
on a Test of Motor Proficiency, and 48 children completed writing tasks. 
Teachers' assessments were compared to the results of the Motor Proficiency Test 
and the writing tasks. According to the teachers' assessments, the prevalence of 
severe writing problems was 22%. Pupils were divided into groups based on 
teachers' ratings of writing proficiency; these groups differed significantly in their 
scores on the writing tasks. Teachers' assessments of handwriting performance 
were more accurate than their estimations of motor proficiency level. Cohen's 
Kappa for the agreement between teacher assessment data and test data was 0.65 
for writing performance and 0.23 for motor performance. 
Introduction 
Mild motor disorders occur in at least 5-10% of elementary school children (Gillberg, 
Gillberg, & Groth, 1989) and are found three times more frequently in boys than in 
girls. These children have mild disorders in the development of their coordination 
(DCD: Developmental Coordination Disorder) and have particular difficulties with 
fine motor skills requiring speed and accuracy. An example of such a skill is writing, 
which requires advanced coordination in order to make a complex series of 
movements (Schoemaker, 1992). 
Rather than use traditional product-oriented diagnostic methods, our aim is to 
develop a process-oriented diagnostic system. The latter assumes that the origin of 
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writing problems lies in various processes of different natures. A theoretical model 
can point out the various cognitive psychological processes that might be disrupted 
in the writing process. The model should be indicative in the search for weak links 
in the writing process and provide a basis for further analytical research of the 
complex writing system and the deviations from this system.The model we used for 
handwriting production (Van Galen, 1991) assumes a top-down hierarchy. During 
the writing process, higher, more cognitive modules must be passed before lower, 
motor levels can be reached. The output of the higher cognitive levels thus serves as 
input for the lower motor levels. This does not imply that there is exclusively serial 
activity. Different modules can be active at the same time (parallel), with regard to 
different parts of the text to be written. Van Galen's model distinguishes six levels 
that are involved in handwriting production. 
1. The intentional level 
At this general and most abstract level, a decision is made to set something down 
on paper. 
2. The linguistic level 
At this level, the writer uses his semantic knowledge of the language and its 
grammatical rules to develop the necessary concepts for conveying a message. He 
decides what he wants to write and is guided by previous experience. 
3. The lexical level 
Syntactical and lexical information is looked up in the "memory dictionary", the 
mental lexicon. Words must be found and sentences must be formulated 
according to grammatical rules. 
4. The phoneme-grapheme level 
The right letters (graphemes) and letter sequences are determined using various 
lexical and phonological adaptations. A good word image, as well as knowledge 
of and automation of spelling are required. Auditive analysis, visual analysis and 
synthesis, and intermodal functions are extremely important in the learning 
process. 
5. The allograph selection and motor programming level 
The choice for the final form of the letter is called allograph selection. Allograph 
selection in this model consists of two steps. First, a certain font is selected (e.g., 
italic, printed, capitalized). The translation from the grapheme to the allograph is 
made by the long-term motor memory. This conversion subsequently results in 
the activation of the previously learned motor programs, that contain information 
about the spatial form and temporal sequence of successive strokes (e.g., compare 
the strokes in capital A and an italic a). 
6. The execution level 
This level has two phases, namely the parameterization and the initiation phase. 
Muscle independent tuning of the selected motor program occurs during 
parameterization, so that orientation, size, and speed are adapted to the current 
situation. This leads to the initiation phase, when the right type and the right 
number of motor units of the relevant muscles are recruited to execute the 
movement. The degree of fluency and accuracy of a movement is determined by 
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the synchronization of different muscle groups (agonists and antagonists), the 
number of co-contractions, the degree of oscillation reduction, and the number of 
interfering simultaneous movements. 
Research on children's development of writing skills is aimed at answering the 
following questions: (1) Which process elements are disturbed in children with 
certain writing problems? (2) Are these problems related to delays in a child's normal 
development? (3) Can a process-oriented taxonomy be developed that addresses these 
children's problems? (4) Is a process-oriented taxonomy suitable as the basis for 
diagnostic and remedial activities in a normal education setting, i.e., can a well-
founded error analysis be made, and can a theoretically-based remedial program be 
developed? 
A research program of several years duration was developed in order to answer 
some of these questions. The result of this program is visible in the gradual evolution 
of an experimental and empirically tested, domain specific education theory 
regarding the motor aspects of writing'. 
This extensive research program required some insight into the prevalence of 
writing problems at Dutch elementary schools. Additionally, the experimental study 
on normal and impaired development of writing required an operational definition of 
the term "impaired writer". Consequently, a random sample of impaired writers could 
be formed. Teachers' assessments of the existence of writing problems seemed to be 
the most ecological variable. This choice, however, resulted in a conflict on validity: 
Are pupils, that have been spotted by their teachers as having writing problems, in 
actual fact "impaired writers"? Teachers' assessments are of vital importance because 
teachers form the first line for spotting motor problems and motor-writing problems. 
Rather than ignore their importance, it was decided to further analyze teachers' 
assessments regarding their pupils' motor and writing skills. 
In the United Kingdom, Henderson and Hall (1982) examined the competence of 
teachers in observing and estimating motor behavior. The authors showed that there 
was consensus between teachers' assessments and other ways of determining motor 
performance. The study showed that teachers can be very accurate in identifying 
children with motor disorders in the age category of five to seven years. Fewer 
agreement was found regarding the assessments of children over seven years of age 
(Gubbay, 1975; Keogh, Sugden, Reymand, & Clakins, 1979). 
One aim of this part of our research program is to gain insight into the sensitivity 
and selectivity of the spotting function of teachers in the area of motor and writing 
problems, with children aged seven to twelve. It must be realized that spotting has 
become part of the daily routine of teachers, especially since the recent expansion of 
their duties to include care tasks, even though they are not specifically trained for this 
(Kolders & Van de Berg, 1992). The question was, whether teachers could better 
This research project is partially financed by the SVO, project 94702, named: 
A diagnosis of normal and disturbed development of writing motor ability, 
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Methods 
Subjects 
Teachers (n=32) at twelve schools all over the Netherlands provided data on 746 
elementary school pupils, using a School Questionnaire for motor writing skills, 
developed by us for the purposes of this study. The School Questionnaire included 
questions about writing ability and motor skills. Out of a stratified sample of 110 
children, for 98 children the Groningen Motor Observation Scale (GMOS) was fully 
completed and 103 children took the General Motor Proficiency Test (KTK: 
Körperkoördinations Test fur Kinder). The writing experiment and writing tasks were 
made by 48 children. Teachers completed a list of possible causes of writing 
problems for the impaired writers (n=24) of this group. 
Measuring instruments 
School Questionnaire for teachers 
The questionnaire developed for this study (see Table 1) consists of ten questions that 
are answered on a five-point scale (internal consistency alpha =.93). In addition to 
questions about various aspects of the handwriting produced by the children, teachers 
were asked to estimate each child's level on general learning performance, spelling, 
and general motor skills. The questionnaire did not provide a definition of "normal", 
so that each teacher used his or her implicit norm for what children of that particular 
age ought to be able to do. 
Groningen Motor Observation Scale 
The Groningen Motor Observation Scale (GMOS) is a checklist of motor skills, 
developed by Van Dellen and Kalverboer (1990). 
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Table 1. School Questionnaire for teachers for spotting writing problems. 
Name Date of birth 
Grade 3 4 5 Sex MA' 
Writing Grade 1 2 3 4 5 6 7 8 9 10 
1 The form of the letters written by this child is 
good О О О О О poor 
2 The appearance of this child's writing is 
sloppy О О О О О neat 
3. The regularity (letter size and slant) of this child's handwriting is 
very regular O O O O O irregular 
4. The effort writing costs this child is 
high О О О О О low 
5 The fluency of this child's handwriting (i e , not interrupted or halting) is 
high О О О О О low 
6 If you compare this child with the writing standards for children of this grade, 
what is the child's proficiency compared to the average7 
below О О О О О above 
7. If you compare this child with the spelling standards for children of this grade, 
what is the child's proficiency compared to the average7 
above О О О О О below 
8 If you compare this child with the standards for motor ability for children of this grade, 
what is the child's proficiency compared to the average9 
below О О О О О above 
9 If you compare this child with the standards for general learning performance for children of 
this grade, what is the child's performance compared to the average9 
above О О О О О below 
10 Is it your opinion, that this child has writing problems7 
no O O O O O yes, 
absolutely 
This checklist was completed by the teacher on the basis of a child's daily behavior. 
The Scale's reliability is high (internal consistency alpha >.80). The GMOS 
comprises twenty questions that are answered on a four-point scale. Scores can be 
translated into deciles with average scores, depending on age and sex. The first decile 
comprises scores of twenty and the tenth decile starts, depending on age and sex, at 
38 (eleven year-old girls) to 55 points (six year-old boys). 
The GMOS questions were initially divided into three subcategories by the 
authors: general motor functioning, fine motor ability, and general motor ability. 
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Table 2. Groningen Motor Observation Scale, divided into three subgroups according to 
the authors' original version (Van Dellen & Kalverboer, 1990). 
Questions regarding Fine motor ability 
3 Writes more sloppily than usual, when spelling or content must also be considered 
6 Has trouble with activities requiring precise movements (e g, embroidery or writing) 
9 Has difficulties with hand-eye coordination 
12 Writes less regularly than other children 
17 Has problems making knots and tying shoelaces 
19. Is clumsy, drops all sorts of things 
Questions regarding general motor ability 
2 Has difficulties with activities that involve the (entire) body (e g , dressing or catching a ball). 
5 Loses his or her balance easily 
8 Makes the "right" movements for a particular situation but does this at the wrong moment 
10 Movements appear wooden and ngid 
15 Cannot react on time to an approaching ball during ball games 
18 Has trouble with games requiring dexterity 
20 Has trouble descending and ascending stairs quickly (without support) 
Questions regarding general motor functioning 
I The child's movements strongly resemble those of a younger child. 
4. The movements appear disrupted, they are not fluent, they show interruptions 
7 When the child does something with either the right or the left hand, the other side of the body 
makes many coinciding movements. 
11 Has trouble executing rhythmic movements 
13 Must think during movements that another child would do automatically 
14 Does not yet have a preferred hand for activities such as arts and crafts 
16 Loses control over his or her movements quickly in stress situations 
Scoring according to the four-point scale 
1 does not apply to this pupil 2 does mostly not apply to this pupil 
3 mostly applies to this pupil 4. applies to this pupil 
The GMOS questions only cover two factors, namely "GMOS-fine motor ability" (questions 3,4,6, and 
12) and "GMOS-general motor ability"(questions 1,2,5,6,7,8,9,10,11,12,15,16,17,18,19, and 20) 
Questions 13 and 14 do not cover either of these factors and were omitted from further analysis 
Different factor analyses showed that these categories cannot be clustered in this way 
(Vaessen, 1988). Like Vaessen, we could only distinguish two factors: namely, the 
factor general motor ability and the factor fine motor ability (see Table 2). Questions 
13 and 14 were insufficiently focussed on these two factors and were not used for 
further analysis. We thus conclude that the observation scale can be brought back to 
two parts: (1) the GMOS-general motor skills (internal consistency alpha =.95) and 
(2) the GMOS-fine motor skills (internal consistency alpha =.92). 
General Motor Proficiency Test 
The General Motor Proficiency Test (KTK: Korperkoördinations Test für Kinder) is 
a test for general dynamic coordination (Kiphard & Schilling, 1974). The KTK 
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consists of four items: equilibrium when walking backwards on a balance beam, 
hopping over obstacles of foam blocks, jumping from side to side over a beam, and 
moving sideways from one wooden chest to another without touching the ground. 
The test is used with the goal of determining the level of general dynamic 
coordination and the child's level with regard to the group average. Averages are 
given for all ages with intervals of one year. Boys' performances on the items 
hopping and jumping sideways are evaluated separately from girls' performances. The 
raw test scores are translated to Motor Quotients with an average of 100 and a 
standard deviation of 15. A child with an MQ interval of 100 plus or minus a 
standard deviation is classified as normal. Children with an MQ lower than 85 are 
classified as "borderline", and a child with an MQ lower than 70 is diagnosed as 
"impaired". The KTK has four norm tables, for normally developing, learning 
impaired, behavior impaired, and brain damaged children. The interrater and 
intrarater reliability of the test is good (>.85). The handbook that comes with the test 
and the scoresheets ensure a satisfactory degree of objectivity and standardization in 
the execution and scoring of the test. The tests are conducted by specially trained 
physiotherapists. 
Visuomotor coordination, writing tasb. and writing observation 
Before doing the writing experiment, children had to complete two test items for 
visuomotor coordination (Bruininks, 1978). The items were: copying two pencils and 
drawing a line through a narrow strip. Moreover, children of all grades made a 
standard dictation test (Van Dongen & Mommers, 1967). These tasks were all scored 
according to the test manuals. 
Use was also made of the concise assessment method for children's handwriting 
(BHK) (Hamstra-Bletz, De Bie, & Den Brinker, 1987). This writing task consists of 
copying a standard text (copysheet courtesy of the National Pedagogical Centers) in 
five minutes or at least the first five lines if the child is a very slow writer. The child 
must copy the text on unruled paper. The standard text gradually increases in 
difficulty as the text proceeds. The first five lines require a Grade 2 reading level. 
The writing product is assessed using thirteen dysgraphic features. The number of 
letters written in five minutes is taken as the copying speed. 
A writing observation was made as the child worked at the writing task. Writing 
posture, pen grasp, and general motor restlessness were observed (Smits-Engelsman, 
1984). 
Questionnaire regarding the causes of writing problems 
Using a questionnaire containing a list of possible causes of writing problems, an 
inventory was made of teachers' conclusions regarding likely causes for writing 
problems. 
Procedure 
Data for the analysis of teacher assessment were collected in four stages. First, an 
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inventory was made of the prevalence of motor and writing problems at elementary 
schools, using the School Questionnaire (Table 1). Teachers (n=32) at twelve schools 
all over the Netherlands were asked to complete the questionnaire. 
Secondly, the questionnaires that were returned (n=746) were divided into three 
groups, according to teachers' assessments, in the form of a report card grade, for 
writing. Pupils with а В or higher were classed as good writers, pupils with а С were 
rated average, and pupils with a D or lower were rated impaired. From these groups, 
a stratified sample was taken (n=l 10) of minimally two to maximally four pupils per 
teacher. The sample contained thirty impaired writers, fifty average writers, and thirty 
good writers. Each of the thirty impaired writers was matched to a good-writing pupil 
from the same school, same grade, age, sex, and preferred writing hand. Teachers 
were asked to complete the Groningen Motor Observation Scale (see Table 2) about 
the motor behavior of each child (n=l 10). 
In the third stage, pediatric physiotherapists (n= 12) assessed the general dynamic 
coordination and visuomotor coordination of the thirty impaired and thirty good 
writers (n=60) using the KTK (Kiphard & Schilling, 1974) and items from the 
Bruininks-Oseretsky test (1978). Additionally, an education scientist conducted the 
standard dictation test (Van Dongen & Mommers, 1967), the BHK (Hamstra-Bletz, 
De Bie, & Den Brinker, 1987), and the writing observation (Smits-Engelsman, 1984). 
Finally, an experimental investigation of writing was conducted by an education 
scientist and a developmental psychologist at ten schools throughout the country. 
Two schools dropped out of the study before completing this final stage. The total 
sample for the experimental study thus consisted of 48 pupils, spread out over the 
second, third, and fourth grades of elementary school. Half of these pupils were 
impaired writers. The teachers' assessments of the children's writing (n=48) were 
compared to computer-registered assessments on form and kinematic aspects. The 
writing experiment was conducted at the children's own schools and had a duration 
of thirty minutes per pupil. Each trial began with the presentation of a sequence of 
four letters on a computer monitor. During the registration time (ten seconds), pupils 
had to write down the presented stimulus. The students wrote with a specially 
adapted but otherwise normal pen (Maarse, Janssen, & Dexel, 1988), with a built-in 
mechanism for the registration of pen force. The writing paper was affixed to a 
CALCOMP XY tablet -type 2300-- and could not shift during writing. The total set­
up was controlled by an ЮМ PS/2 Model 30 computer. The X and Y coordinates of 
the pen, as well as the force exerted on the pen were recorded at a frequency of 100 
Hz. The accuracy of the XY tablet was 0.2 mm. The writing tasks in the experiment 
addressed three different aspects of writing: accuracy, letter size, and retrieval of the 
motor program for a letter. For a further description of this experiment, as well as 
information on the data analysis and results, please consult Smits-Engelsman, Van 
Galen, and Portier (1994a). 
The total procedure, of assessing a child's motor level and motor writing skills, 
took approximately two hours. In the case of children with an impaired writing 
performance (n=24), teachers were asked whether the children received remedial help 
for these problems and what the possible causes of the writing problems could be. 
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The causes named by teachers were compared with the available motor data. 
Data analysis 
First, descriptive statistics were used to process the raw data of the 746 School 
Questionnaires. The differences between boys and girls and between right- and left-
handedness were tested non-parametrically. Multivariate analysis was used to control 
whether the stratified sample that participated in the motor test (n=103) and the 
GMOS (n=98) was a representative sample for the groups, from which they were 
selected. This proved to be the case. 
The degree of consensus between the School Questionnaire and the GMOS (filled 
in by the teachers), and the KTK motor test was analyzed used Kappa coefficients. 
Interactions of grade and writing problems on the GMOS, KTK, and the sum score 
of the School Questionnaire were analyzed using ANOVA's. The significance level 
for all tests was set at .05. 
Results 
Frequency of motor and writing problems in the whole sample 
The initially selected group (n=746) had a 50-50 ratio of boys to girls, with ages 
ranging from 7.3 to 12.6 years (average 9.2). The children were almost equally 
spread over Grades 2 (35%), 3 (35%), and 4 (30%). The average ages in Grades 2, 
3, and 4 were, respectively, eight (7.4-9.9), nine (7.9-10.9), and ten (8.6-12.6). 12% 
of the children in the study were left-handed. 
Motor ability 
According to teachers' assessments, boys scored below average significantly more 
often (p<.001) than the girls in motor ability (Table 3). According to the teachers, 
73% of the boys scored at or above the motor average and 27% below average, of 
which 6% were very much lower than average. For the girls, these percentages are 
87%, 13%, and 2% respectively. No significant interaction was found between scores 
and right or left-handedness. 
The group of children that scored "very much lower than average" was classed for 
subsequent analysis as impaired on the "Teachers' motor ability average". 
Writing 
The average grade for writing in the group was 6.56 or C+ (sd 1.04, range 4-9, or F 
to A+). The three writing levels (good writers: at least B; average writers: C; 
impaired writers: D or lower) had significantly different scores on all the questions 
of the School Questionnaire. Teachers gave 26% of boys and 8% of girls an 
unsatisfactory grade for writing (D or lower). 
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Table 3 Variables in the School Questionnaire on 
significantly 
Variables 
Number 
Writing grade 
FandD 
С 
В, A, and Ал-
Writing problems 
Serious 
Mild 
No problems 
Below average in 
Spelling 
Learning performance 
Motor ability 
Writing 
Subjects 
746 
6 56 
17% 
28% 
56% 
22% 
36% 
43% 
26% 
20% 
20% 
30% 
which boys' and girls 
Boys 
369 
6 25 
26% 
32% 
42% 
32% 
37% 
31% 
33% 
24% 
27% 
43% 
·' scores differed 
Girls 
377 
686 
8% 
24% 
68% 
11% 
55% 
54% 
20% 
16% 
13% 
18% 
A significant interaction between writing problems and gender was found, in the 
sense that a higher prevalence of wnting problems was reported for boys than for 
girls (Table 3) Teachers indicated serious writing problems in 32% of boys and 11% 
of girls The percentage of wnting problems did not change significantly over the 
years This means that wnting problems do not disappear as more time is spent on 
wnting education According to teachers, the shape of the letters is poor significantly 
more often with left-handed children, who also are less likely to write fluently and 
have a higher incidence of wnting problems For further analysis, the group who 
"very clearly have writing problems", according to teacher reports, were classed as 
impaired on the "Teachers' writing average" 
There is a significant correlation between a child's standing with regard to the 
motor average and the incidence of wnting problems (chi square, 32 03, p< 001) The 
standing with regard to motor average is also significantly correlated to other 
questions about wnting, but in this case the correlation is less strong 
Consensus between teachers' assessments, the motor test, visuomotor test items, and 
standardized writing tasks in the stratified subset of children 
Motor ability according to the Groningen Motor Observation Scale (GMOSÌ 
The average score on the GM OS as a whole, was 34 (sd 12) This means that most 
questions were answered with "does not apply to this pupil" or "does mostly not 
apply" The range was from 20 to 76 
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Table 4. Teachers' motor ability assessment versus GMOS-total and GMOS-general 
ability. 
Motor ability average 0 = normal 1 = deviant 
motor 
MOTOR ABILITY (TEACHER) 
GMOS- 0 
general motor ability 1 
Total 
К = 0.22 
0 
78 
13 
91 
1 
5 
4 
9 
Total 
83 
17 
100 
n=98 
MOTOR ABILITY (TEACHER) 
GMOS- 0 
total 1 
Total 
К = 0.20 
0 
77 
14 
91 
1 
5 
4 
9 
Total 
82 
18 
100 
n=98 
With a score of 20, not one question applied to the pupil, at 80 all questions applied. 
60% of children scored at or above average. Of the 98 children who did the test, 22% 
scored one standard deviation below average (score 34-46) and 17% scored more 
than one standard deviation below average (score 47-76). For subsequent analysis, 
the group that scored more than one standard deviation below average was classed 
as "deviating on the GMOS". 
Consensus between motor ability measured with the GMOS and with the School 
Questionnaire 
Teachers classed 82% of the children in the same category with both measuring 
instruments (Table 4). For 5% of pupils, teachers indicated that the child had a 
deviating motor ability while the score on "GMOS: general motor ability" was 
normal. In 13% of cases, the teacher regarded a child as normal whereas his score 
deviated according to the "GMOS: general motor ability". The correlation between 
the two measures was 0.22. This result changed very little when the complete GMOS, 
rather than only the general motor ability section, was taken for analysis. 
Fine motor ability on the GMOS 
The percentage of children that scored at or above average on the fine motor ability 
section was 55 (score 4-8); 19% scored one standard deviation below average (score 
9-12) and 24% was more than one standard deviation below average (score 13-16). 
The group that scored more than one standard deviation below average was 
classed for further analysis as "deviating" on the GMOS section fine motor ability. 
Consensus between fine motor ability measured with the GMOS and writing 
performance according to the School Questionnaire 
Teachers classed 82% of the children in the same category with the two measuring 
instruments (Table 5). 
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Table 5. Teachers' assessment of writing versus GMOS-fine motor ability. 
Motor average 0 = normal I = deviant 
Writing problems 0 = none I = clearly present 
WRITING PROBLEMS (TEACHER) 
GMOS-
fine motor ability 
Total 
К = 0.65 
0 
0 40 
1 1 
41 
1 
16 
42 
58 
Total 
56 
44 
100 
n=98 
WRITING PROBLEMS (TEACHER) 
GMOS-
total 
Total 
К = 0.52 
0 
0 38 
1 3 
41 
1 
22 
37 
59 
Total 
60 
40 
100 
n=98 
For one percent of pupils, teachers indicated the child had a normal motor writing 
ability, while the "GMOS: fine motor ability" classed the child as deviating in this 
section. In 16% of cases teachers classed children as deviating whereas the "GMOS: 
fine motor ability" classed them as normal. The correlation between the two measures 
was 0.65. When the entire GMOS was used, the correlation dropped to 0.52. 
Motor ability measured with the General Motor Proficiency Test (KTK) 
The percentage of children that scored normal motor ability was 63%. 24% were 
graded as borderline (more than one standard deviation below the average: borderline 
group) and 13% (> 2 sd) were graded as impaired. Expectations according to the 
standard normal distribution were for 84% at or above average, 14% borderline, and 
2% impaired. Stratification of the test sample resulted in an over-representation of 
impaired writers. For further analysis, children who scored more than two standard 
deviations below average were classed as deviating on the KTK. 
Consensus between the motor test (KTK) and teachers' assessment of motor ability 
on the School Questionnaire 
Teachers classed 86% of the children in the same category with the two measuring 
instruments (Table 6). In 10% of cases, teachers assessed children as having normal 
motor ability while the motor test classed the child as abnormal. In 4% of cases a 
teacher classed a child as abnormal although, according to the test, the child had a 
normal motor ability. This resulted in a consensus between the two measures of a 
Kappa equal to 0.23. 
Consensus between the motor test and teachers' assessment of motor ability. 
measured with the GMOS 
The percentage of children that were classed as having normal ability on both the 
motor test and GMOS-general motor ability is 80% (Table 7). 
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Table 6. Motor ability assessment: School Questionnaire versus KTK. 
Motor average 0 = normal 1 = deviant 
MOTOR ABILITY (TEACHER) 
KTK 
Total 
К = 0.23 
Table 7. 
0 
0 83 
1 10 
93 
1 
4 
3 
7 
Teachers' motor ability assessment on the GMOS versus KTK. 
Motor average 0 = normal 1 = deviant 
Total 
87 
13 
100 
n=103 
GMOS: GENERAL MOTOR ABILITY (TEACHER) 
KTK 
Total 
К = 0.22 
0 
0 75 
1 8 
83 
1 
12 
5 
17 
Total 
87 
13 
100 
n=98 
GMOS (TEACHER) 
KTK 
Total 
К = 0.20 
0 
0 74 
1 8 
82 
1 
13 
5 
18 
Total 
87 
13 
100 
n=98 
In 8% of cases, teachers indicated on the GMOS-general ability section, that the child 
had a normal ability, while the KTK motor test classed the child as abnormal. For 5% 
the pupils, teachers found children abnormal while the motor test found them normal. 
These results led to a consensus between the two measures of Kappa equal to 0.22. 
This result changed little when the total GMOS was used in the analysis. 
Relationship between the motor test and teachers' assessments on writing 
There was no significant relationship between the scores on the School Questionnaire 
and the motor test. No significant differences in motor ability, as measured by the 
motor test, could be shown between children with and without writing problems 
(Table 8). 
Differences between children with and without writing problems 
Children who had writing problems according to their teachers, scored significantly 
lower on items of visuomotor coordination (Table 9). They also made significantly 
more mistakes in the dictation test and made more spatial errors (letters too large or 
too small). The size of their letters did not vary in height or width, nor had they 
completed fewer number of letters after five minutes of writing. Children with 
writing problems had a significantly lower score on the dysgraphia scale, although 
they were not indexed as dysgraphic. Children whom teachers assessed as having 
writing problems, scored more poorly on the items of writing observation. 
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Variable 
GMOS-total 
GMOS-fine motor ability 
GMOS-general motor ability 
KTK 
No problems 
26.67 
5.98 
19.40 
87.82 
Problems 
42.85 
12.74 
27.94 
90.37 
p-value 
<0.001 
<0.001 
<0.001 
n.s. 
Table 9. Average scores on visuomotor test items and standardized writing tasks for 
children who have or do not have writing problems, according to teachers' 
assessment (n=48). 
Variable 
Writing posture 
Pen grasp 
Visuomotor test 1 
Visuomotor test 2 
Dictation 
Spatial errors 
Letter size (mm) 
Dysgraphia scale 
Nr. of letters per 5 minutes 
No problems 
4.93 
0.40 
0.07 
0.39 
0.90 
0.73 
2.7/3.2 
2.78 
199 
Problems 
9.51 
0.31 
0.38 
1.17 
2.37 
1.96 
2.9/3.2 
7.60 
185 
p-value 
0.001 
n.s. 
0.02 
0.001 
0.02 
0.001 
n.s. 
0.001 
n.s. 
They had a poorer posture during writing and showed more signs of motor 
restlessness. They did not hold their pen differently, however, from the good writers. 
Causes of writing problems 
Table 10 provides a list of the causes of writing problems, as indicated by teachers. 
Teachers most frequently named sloppiness as the likeliest cause of writing problems 
(91%) in the children studied (n=24). Disorders of fine motor ability as a likely 
cause, scored 73%. In 43% of children, however, teachers indicated that disorders of 
the general motor ability might be the reason for the writing problems. This last 
assumption was not confirmed statistically (Table 8). Of the impaired writers, 57% 
get no remedial help at all, 26% receive help systematically, and 17% receive 
remedial help incidentally. 
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Table 10. Percentages for likely causes of writing problems, listed by teachers, regarding 
children with writing problems (n=24). Multiple answers per child were 
permitted. 
Cause 
Fear of failure 
Sloppiness 
General motor disorders 
Diminished general learning performance 
General language difficulties 
Physical or sensory deficits 
Fine motor disorders 
Factors outside of school (e.g. , home situation) 
No 
61 
0 
31 
39 
30 
74 
9 
56 
Possibly 
17 
9 
26 
26 
22 
9 
18 
17 
Yes 
21 
91 
43 
34 
47 
17 
73 
23 
Conclusion 
Our information about the prevalence of writing problems can be summarized as 
follows. Teachers believe that writing is not a problem whatsoever for only 42% of 
children. 22% of children were reported to have definite problems with writing. Girls 
clearly have fewer writing problems than boys. Children with writing problems 
continue to have these problems in higher grades. At the twelve schools that 
participated in the study, systematic remedial assistance to impaired writers was rare, 
even though our results showed that writing problems do not fade away as the child 
gets older. Our findings, that the frequency of writing problems does not decrease in 
the higher grades, agrees with the results in recent publications (Mojet, 1991; 
Hamstra-Bletz & Blöte, 1993). The group of children that received an unsatisfactory 
grade for writing (17%) was smaller than the group that teachers indicated had 
problems. This is probably because teachers implicitly maintain a writing norm 
higher than а С for a satisfactory grade (the average was a C+), and because some 
children produce a reasonable product despite their writing problems. 
It is also remarkable, that for all the skills tested in the study, an average of 20% 
of children scored below average. Is this the so-called Posthumus Effect, or do 
children with a low score (according to teachers) also score poorly in the objective 
measures of writing and motor ability? The latter was verified by comparing the 
teachers' assessments with the more objective measurements of writing and motor 
ability. Teachers' assessments of motor ability tend to be slightly higher than the level 
indicated by the motor test results. According to teachers, 73% of the pupils scored 
at or above average for motor ability, whereas the test resulted showed only 68% at 
these levels. Despite the fact that the assessment of general motor ability was not part 
of their training, teachers had developed an implicit norm regarding the average 
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motor ability level of a child in a particular grade. The consensus between teachers' 
assessments and the motor test did not increase when teachers used a structured 
motor questionnaire (GMOS). 
With regard to the writing aspect of the study, we can conclude the following. 
Our data showed that teachers who used the School Questionnaire (Table 1), 
developed by us for the purposes of this study, could spot writing problems that were 
also measured with the standardized writing tasks. The consensus between the two 
methods of classification was high, especially in the light of the considerable 
differences between the two instruments. Teachers' assessments regarding pupils' 
writing proficiency levels agreed to a large extent with GMOS-fine motor ability 
measurements and standardized writing tasks. It is apparent that the teachers had a 
more clearly defined norm for fine motor ability and writing, than for general motor 
ability. In the case of teachers' assessments of writing motor skills, teachers estimated 
the proficiency level to be higher than the level measured with fine motor tasks. 
The data regarding causes of writing problems are interesting. In both the School 
Questionnaire and the listing of causes of writing problems, teachers strongly linked 
general motor ability and writing ability. This relationship, however, could not be 
confirmed when motor ability was measured using a test for general dynamic 
coordination (KTK). Children with and without writing problems did show 
differences in motor ability when this was measured with a motor observation scale 
stressing the qualitative aspect of motor ability. 
Additionally, a comment on the most frequently mentioned cause of writing 
problems: sloppiness. Measurements show that a poor writer makes more spatial 
mistakes, i.e., the writing of impaired writers does not always stay between the lines. 
In the dictionary, "sloppy" is defined as careless and slipshod. The assumption, that 
carelessness is the cause of 91% of all writing problems, is at least very questionable. 
The children worked with great devotion in the test situation, but were apparently 
unable to produce a better result. 
In conclusion, it can be stated that a product-oriented assessment by teachers can 
give a realistic estimate of the proficiency level of fine motor ability and writing. 
However, teachers have problems in relating writing problems to possible underlying 
causes and processes. Research on dysfunctions in the underlying processes should 
offer new knowledge about the possible causes of writing problems. By developing 
diagnostic writing tasks that are especially hard on one part of the writing process, 
we can see what the effect of the extra load is on movement characteristics. For 
example, it has been shown (Schoemaker, 1992) that children with a general motor 
coordination disorder (clumsy children) more frequently experience problems in 
planning a movement (motor programming), while children with a cerebral disorder 
due to a congenital thyroid deficiency have special difficulties in executing a 
movement (Kooistra, Schellekens, Schoemaker, Vulsma, & Kalverboer, 1994). 
Research by Van Galen, Portier, Smits-Engelsman, and Schomaker (1993) showed 
that poor writers without clearly defined general motor coordination problems, who 
do have fine motor disabilities, have particular difficulty in controlling the so-called 
neural noise such that the spatial aspect of their handwriting becomes inaccurate. Our 
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research (Van Galen et al., 1993; Smits-Engelsman et al., 1991, 1993, 1994a, 1994b) 
is a first step towards the creation of a taxonomy, based on experimental principles, 
for writing problems in elementary school children. Knowledge of the taxonomy, that 
will be aimed at underlying processes and will divide writing problems into subtypes, 
may help teachers to adequately help children with writing problems. 
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Abstract 
The present study was conducted to determine if poor handwriting in children is 
related to a specific dysfunction in the psychomotor stages of the handwriting 
model developed by Van Galen (1991). Two matched groups of 24 poor and 24 
proficient writers, equally distributed across three age levels (eight, nine, and ten 
years), were selected from a sample of 634 children. Both groups participated in 
a handwriting experiment in which the spatial and the kinematic features of their 
handwriting were measured. The experimental tasks were chosen so as to 
manipulate the processing loads on different stages in the Van Galen model. A 
further aim of the study was to examine three alternative hypotheses that have also 
been proposed to explain poor handwriting. The first of these hypothesis was that 
poor handwriting stems from an attention deficit in that children with poor 
handwriting fail to combine abstract mental operations with the act of writing. The 
other two alternative hypotheses were that poor handwriting may be either 
indicative of a low level of motor performance, or the result of a maturational lag. 
The outcome of this work revealed that poor writers did not show evidence of any 
specific problem in letter form selection or in letter size control. Furthermore, 
there was no evidence of an overall attention problem, motor dysfunction, or 
developmental delay among the poor writers. Instead the evidence suggested that 
poor writers differ from proficient writers largely in the ability to accommodate 
to the spatial constraints of the experimental tasks. 
1
 Nijmegen Institute for Cognition Research and Information Technology (NICI), P.O. 
Box 9104, 6500 HE Nijmegen, The Netherlands. 
2
 Open University of the Netherlands, Centre for Educational Technology and 
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Introduction 
In most countries children begin to practice handwriting at the age of six or seven, 
often after preliminary training in pencil manipulation as well as training in the 
production of elementary writing or drawing movements. To achieve skilled 
handwriting, however, requires considerable time. Adult writing skills, as represented 
by a regular and ballistic velocity profile, are on average not attained until around age 
fifteen (Thomassen & Teulings, 1983; Sassoon, Nimmo-Smith, & Wing, 1986). 
Moreover, many individuals never succeed in attaining fluent, legible script. In the 
United States, for example, on a yearly basis the postal service is unable to deliver 
over one billion parcels because of illegible addresses (Barbe, Lucas, & Wasylyk, 
1984). The present study is concerned with potential psychological causes of poor 
handwriting. Because it is often assumed that failure to develop skilled handwriting 
is related to general psychomotor and developmental disturbances, the focus of the 
present study is on children between the ages of eight and ten, or in other words, the 
years during which children normally begin to acquire this skill. 
Literature review 
To place our research in context we will briefly review some of the relevant literature 
on the development of skilled handwriting. The three criteria most often used to 
judge the quality of children's writing are speed, readability, and general appearance. 
According to experienced teachers, readability and general appearance are the main 
criteria that relate most closely to overall judgments of handwriting quality (Mojet, 
1991). Evidence from developmental studies, however, suggests a fairly complex 
relationship between speed and quality with increasing age. With regard to speed 
Sassoon et al. (1986) found a monotonie increase between age seven and age fifteen 
in the number of characters written per minute. Similarly, Mojet (1991) found a 
linear increase in characters per minute between the ages of eight and twelve. 
Quality, on the other hand, which is defined in terms of the kinematic 
characteristics of handwriting, follows a less direct developmental path. Meulenbroek 
and Van Galen (1988) reported a discontinuous trend in the emergence of 
handwriting dysfluencies in that nine-year old children were more dysfluent than 
both younger (eight-year old) and older (ten-year old) children. They also reported 
that if speed was corrected for character size, movement velocity (measured in cm 
per sec) appeared to show a similar developmental discontinuity. Finally, with 
respect to the quality of the shape and recognizability of handwriting, Mojet (1989) 
also found discontinuity between the ages of nine, ten, and eleven. Moreover, there 
is evidence which further indicates that during this developmental period 10 to 20% 
of children have serious difficulty producing good quality handwriting (Rubin & 
Henderson, 1982; Hamstra-Bletz & De Bie, 1985; Smits-Engelsman, Portier, & 
Michels, 1991). 
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Towards a process-oriented explanation of poor handwriting 
Despite the evidence which suggests that in young children poor handwriting is a 
fairly common problem, few attempts have been made to investigate possible 
cognitive and/or psychomotor deficiencies that may be responsible for this problem. 
That there may be a cognitive deficiency associated with poor handwriting is 
suggested in Simner's (1986, 1991) evidence which shows a relationship between 
form errors in printing at the preschool level and later school achievement. Simner 
(1991), however, hastened to add that a causal explanation for this relationship is far 
from clear. 
In terms of a psychomotor deficiency, previous workers have placed considerable 
emphasis on the role of a visual feedback mechanism (Askov, Otto, & Askov, 1970; 
Peck, Askov, & Fairchild, 1980). More recently Laszlo and Bairstow (1983, 1985) 
also stressed the importance of feedback, particularly kinaesthetic feedback, in the 
control of skilled motor movements. According to Laszlo and Bairstow the 
occasional occurrence of a delay in perceptual motor development may be one reason 
for the slow acquisition of skilled handwriting during early childhood. In support of 
their argument, Laszlo and Bairstow (1985) reported that 33% of normal six and 
seven year-old children fail to achieve the degree of kinaesthetic processing that is 
considered necessary for the production of the finely graded movements involved in 
handwriting. 
This emphasis on feedback, as an explanatory concept for poor handwriting, is 
open to question, however. Aside from the fact that current theories on the 
functioning of the human motor system in performing complex tasks now place far 
less emphasis on feedback than before (Van Galen & Wing, 1984; Colley, 1989), 
feedback in handwriting has been found to play only a subsidiary role in monitoring 
the overall spatial control of letter slant and letter size (Smyth & Silvers, 1987). 
Moreover, in remedial work with children who have handwriting problems, 
enhancement of feedback through electronic means seems to have few if any 
beneficial effects (S0vik & Teulings, 1983). In this regard it is worth mentioning 
Larkin's and Hoare's (1992) work with clumsy children which shows that here too 
feedback has little impact on poor handwriting. 
It should be noted that both of the foregoing accounts are concerned largely with 
explaining the presence of dysfluencies in handwriting by focusing on handwriting 
as a finished product. In contrast to these accounts, we will in the present study 
examine a recent account by Van Galen (1991) which focuses on handwriting not as 
a product but as a process. In other words, according to the Van Galen account 
dysfluencies in the finished product may result from difficulties that possibly arise 
during the execution of the handwriting act itself. In particular, our research will deal 
with whether poor handwriting stems from dysfunctions in specific sub-components 
of the psychomotor handwriting model proposed by Van Galen. 
An essential feature of Van Galen's model is that the act of handwriting involves 
a multi-stage process. During the execution of this process intentional as well as 
semantic information is transcoded through lexical and phonological processors in 
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order to activate, and finally to execute, selected letter forms in their appropriate 
order. The requirements for letter size and writing speed also are established during 
execution along with the requirements for the coordinated muscle movements that are 
assumed to be optimal for the given biomechanical context of hand and finger 
positions. 
Of particular concern to the present study, the last three stages in the model 
(allograph selection, size control, and muscular adjustment), which are psychomotor 
in nature, are said to be possible sites for the location of a handwriting deficiency. 
Thus, in the present study we will examine the possibility of a potential psychomotor 
dysfunction related to poor handwriting by testing poor as well as proficient writers 
who will be given handwriting tasks that systematically vary processing demands that 
relate to (a) allograph selection, (b) size control, and (c) muscular adjustment. If a 
dysfunction in any of these stages is indeed involved in poor handwriting, we should 
expect to find a significant interaction between the corresponding experimental 
demands and the subject variables that are described more fully below. 
Which of the three psychomotor stages in the model are likely to be involved in 
the production of poor handwriting? According to the literature, the most salient 
feature of poor handwriting is its variable, irregular, or 'noisy' character. In other 
words, random variation in pen movement, which largely affects letter size and letter 
slant, seems to be the primary agent responsible for children's illegible writing 
(Wann, 1986; Wann & Kardirkamanathan, 1991). Wing (1979) suggested that such 
variation in movement may arise from noise in the neuromuscular system. It could 
be, however, that it is a failure in the psychomotor system which prevents a child 
from keeping these irregular movements under control so as not to affect either the 
readability or the appearance of the final handwritten trace. In particular, if this 
failure is due to the child's inability to control the spatial consistency of the produced 
script (which would mean that the problem lies in the muscular adjustment stage), 
poor writers should display even poorer writing when heavy demands are made on 
them during this stage of the writing act. Thus, if poor writers, when compared to 
proficient writers, display slower and/or less fluent production rates on tasks in which 
letter forms rapidly alternate, this would provide evidence in favor of an allograph 
selection stage deficiency. To examine this possibility we varied the allograph 
selection load and compared the performances of poor vs proficient writers on simple 
repetitious stroking patterns (garlands and arcades) as well as on tasks that contain 
more complex letter sequences. 
If, on the other hand, the child's handwriting deficiency stems from a dysfunction 
in the second stage, which is the size control stage, poor writers, when compared to 
proficient writers, should show an exaggerated increase in movement time and/or a 
writing dysfluency on tasks in which letters must be written in smaller than normal 
size. To examine this possibility we employed two conditions in which letter size was 
altered. In the first condition, which was less demanding, the children were asked to 
produce letters 6 mm high whereas in the more demanding second condition the 
children were asked to produce letters that averaged only 3 mm high. 
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Finally, to determine if the site of poor handwriting resides in the third stage of the 
model (the muscular adjustment stage) we varied the spatial precision of the writing 
task. According to the Van Galen model, muscular adjustment is the process by 
which the recruitment of motor units is adapted to the current spatial and biophysical 
context. In the present study we assumed that a critical component of this process is 
the adjustment of movement velocity to momentary accuracy demands. One of the 
inherent features of the human motor system is that variability, and thus error, 
increases with movement speed. This phenomenon, which is exemplified by Fitt's law 
(1954), was recently discussed by Van Galen and Schomaker (1992) who suggested 
that an appropriate interplay between agonist and antagonist muscle forces may be 
an efficient means for achieving accuracy control. Here the continuous coordination 
and timing of muscle forces is attributed to this, the most peripheral stage in the 
handwriting model. Therefore, we predicted that if poor handwriting is caused by a 
shortcoming in the motor adjustment stage, this shortcoming should be evident either 
in an exaggerated reduction in movement velocity during a task which requires 
greater accuracy or, alternatively, in the failure of the poor writer to adapt his/her 
movement velocity to current accuracy demands. Similarly, with regard to movement 
fluency, we would expect that poor writers should fail to switch from a ballistic, but 
cruder movement strategy, to a less fluent but better controlled trajectory formation 
strategy. To examine these predictions we again employed two conditions here, 
though it was the muscular adjustment load which was made to vary by restricting 
the spatial extent of the stroke endpoints. In the less demanding condition, the 
compliance zones or target zones that controlled these endpoints, allowed for a 
relatively wide under- and upper lineature. Thus, the writer could vary the upstrokes 
and downstrokes in a fairly normal manner. In the more demanding condition these 
compliance zones were restricted to 50% of the value used in the less demanding 
condition. Further information on the two task conditions can be found below in the 
method section. 
Additional goals of the study 
In addition to the explanations discussed above, which stem from the Van Galen 
model, we also examined three further explanations of poor handwriting. The first 
explanation holds that poor handwriting may be a product of a more general cognitive 
deficiency which results when children attempt to combine abstract mental operations 
(such as would be involved in the use of language) with the act of writing. For 
example, in studies of clumsiness and hyperactivity several authors have provided 
evidence that children who display motor deficiencies of this nature also often 
display an attention impairment when asked to perform tasks that require more than 
one operation (Geuze & Kalverboer, 1987; Schellekens, Scholten, & Kalverboer, 
1983). Hence, to examine the possibility that an attention deficiency may contribute 
to the presence of poor handwriting we employed a still further set of conditions. In 
the less demanding condition, the children were asked to copy directly from samples 
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Methods 
Subjects 
Forty-eight children ranging in age from 7.6 to 11.0 years (mean=9.1), were drawn 
from ten elementary schools in the Netherlands. The children were selected from a 
larger sample that consisted of 634 children who were attending Grades 2, 3, and 4. 
Selection was based on the children's handwriting proficiency. The children were 
rated for their handwriting achievements during the previous school year by their 
teachers. According to the Dutch 10-point rating system, a rating of 1 indicates 
extremely poor handwriting, 6 means adequate handwriting, and 10 signifies 
extremely good handwriting. Children with ratings of 5 or lower were assigned to the 
poor handwriting group whereas children who received ratings of 7 or higher were 
assigned to the proficient handwriting group. The former group contained 21.6% of 
the 634 children in the total sample while the latter group contained 20% of the 
children in this total sample. The final sample consisted of 24 children selected at 
random from the poor handwriting group and divided equally across Grades 2, 3, and 
4. The children in this sample were then matched for sex, age, handedness, and grade 
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level with 24 children from the proficient handwriting group. The mean ages of the 
children in the two groups combined were 8.0 (Grade 2), 9.0 (Grade 3), and 10.0 
(Grade 4) years. 
Tasks 
The first three tasks were designed to examine the predictions discussed above that 
follow from the Van Galen model. In the first task we varied allograph selection load 
to determine if poor handwriting results from difficulties that children experience in 
the allograph selection stage of the model. Here we employed garlands and arcades 
in the form of letter sequences (i.e., e's and m's). Our decision to employ letter 
sequences was based on the work of Mojet (1991) who found that, across age groups, 
children typically have more difficulty producing letter-like forms than the more 
conventional garlands and arcades. For the least demanding or minimal load 
condition we employed the unvarying or nonalternating series of allographs shown 
in Figure 1, Level 1. For the most demanding or high load condition we employed the 
highly variable or rapidly alternating series of allographs shown in Figure 1, Level 
3. In the moderately demanding or moderate load condition we used the allograph 
series that appear in Figure 1, Level 2. 
The next task variable was introduced to determine if poor handwriting stems from 
difficulties that occur during the size control stage of the model. In this task the 
children were asked to write the letter sequences referred to above at an average 
height of either 6 mm (the less demanding condition) or 3 mm (the more demanding 
condition). These height restrictions were indicated by lines on the writing paper. The 
decision to use these restrictions was based on further work by Mojet (1989) which 
shows that the average height of children's script is 6 mm. 
Finally, task variable three was employed to determine if the site of poor 
handwriting resides in the muscular adjustment stage of the model. Because a 
deficiency in this stage, as noted above, should affect writing accuracy, we placed 
upper and lower limits on the spatial extent of the stroke endpoints. To achieve these 
limits we established compliance zones or target zones. The width of these target 
zones, under the less demanding condition, restricted the children's pen excursions 
to 1/3 normal letter size. Under the more demanding condition, the pen excursions 
were restricted to 1/6 normal letter size. 
To complete the study a fourth task variable was used to examine the first of the 
alternative explanations outlined above. Here the children were asked to write the 
same letter sequences employed in the moderate (Level 2) and in the most demanding 
(Level 3) condition. Now, however, the letter sequence was not presented in cursive 
script on the screen but in a code, a combination of 3 digits and three letters (Level 
4: i.e., for item 10 the digit code was 1 e, 2 n, 1 e). Thus, in this task the children not 
only had to concentrate on the act of writing, they also had to attend to additional 
information (the digits) in order to properly execute the act of writing. 
/yvwrvw 
JULQJL 
/γγγηγγτ) 
M/fWL· 
/TYVWIL· 
/tvm/wnt 
9 
10 
11 
12 
13 
14 
15 
Figure I. Test sheet with the letter sequences used as task-variable allograph selection 
levels (see text for level discriptions). 
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Hence, if poor handwriting is caused by an attention deficiency that results from an 
inability to concentrate on more than one set of directions at a time, poor writers 
should display more dysfluent writing under the conditions employed in this fourth 
task than under the conditions employed in the first task. 
In addition to the fourth task the children also were given a series of standardized 
tests that measured their overall level of neuromotor performance in order to evaluate 
the two remaining alternative explanations. In particular, each child received the 
General Motor Proficiency Test (Kiphard & Schilling, 1974), selected visualmotor 
items from the Bruininks Oseretsky Test of Motor Proficiency (Bruininks, 1978) as 
well as items from the Motor Performance School Readiness Test (Huyberechts, 
1982) and a test of ball catching (Wickstrom, 1983). Hence, the tests included items 
that measured dysdiadochokinesia, dyskinesia, discreetness of movements in a 
proximo-distal direction along with items that dealt with the recognition and labeling 
of body parts. 
Apparatus and procedure 
The children were tested individually in their own schools. Prior to testing, each child 
was given an opportunity to practice the tasks a number of times. The nature of the 
tasks as well as the scoring procedures were explained to the children through verbal 
instructions as well as through demonstrations. The children also received feedback 
on their performance following the practice sessions and were given an opportunity 
to judge their own mistakes. 
Presentation of the letter sequences and the recording of the children's writing 
movements were accomplished through use of an IBM PS2/30 personal computer 
connected to a digitizer (Calcomp XY-Tablet 2300), an AD/DA interface card, and 
an electronic pen (Maarse, Janssen, & Dexel, 1988). Apart from a wire connection 
that led from the upper end of the pen to the tablet and computer, the pen both 
resembled and functioned in the same way as a normal ball-point pen. There were 
also no functional restrictions associated with the use of the pen. The horizontal and 
vertical position of the pen tip as well as the axial pressure exerted on the pen point 
were sampled at 100 Hz. The spatial accuracy of the XY-tablet was 0.2 mm. 
During each trial the appropriate letter sequence (see Figure 1) appeared on the 
computer display screen for 2 sec. The screen was located at eye level approximately 
50 cm in front of the children. An auditory signal marked the end of this 2 sec 
exposure period at which time the children were expected to reproduce the sequence 
that appeared on the screen in a previously designated space on a sheet of paper taped 
to the digitizer. The children were given 10 seconds to reproduce each sequence 
followed by a 2 sec intertrial interval. The distance and width of the upper and lower 
target zones referred to above were designated by printed lines that appeared on the 
sheets of paper. The children were asked to confine their writing to these target zones 
and to work as accurately and as quickly as possible. 
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Design 
We used a between-subjects (two factors) and within-subjects (three factors) 
completely factorial design. The first between-subjects factor (writing proficiency) 
had two levels each of which contained an equal number of good and poor writers. 
The second between-subjects factor (grade) had three levels consisting of children 
from Grades 2, 3, and 4. The three within-subjects factors contained the three tasks 
described above. The first task (allograph selection load) had four levels (continuous 
patterns, repeated letters, alternated letters, letter/digit code), the second task (size 
control) had two levels (6 mm vs 3 mm), and finally, the third task (accuracy) also 
had four levels (target zone widths of either 1 or 2 mm in the 6 mm high condition, 
and target zone widths of either 1 or 2 mm in the 3 mm high condition). 
Three stimuli were used for each of the four levels in the allograph selection load 
task (see Figure 1). For the continuous graphic patterns (Level 1) arcades and 
garlands were employed, for the repeated letter condition (Level 2) the following 
letter combinations were used: eenn, mmee, nnmm. Under the alternated letter 
condition (Level 3) we used enen, même, and nmnm. Finally, for the letter/digit 
condition (Level 4) the material appeared on the screen in the following manner: 1 
e, 2 n, 1 e in place of the enne sequence; 2 m, 1 e, 1 e in place of the mmee sequence; 
and 1 n, 1 n, 2 m in place of the nnmm sequence. 
In sum, because of the orthogonal nature of the design, each child had a total of 
48 tasks to complete. Each task was given one at a time in randomized fashion. 
The dependent variables were writing velocity, dysfluency, number of overshoots, 
and number of undershoots. Writing velocity was recorded in cm per sec. Dysfluency 
was defined by the number of zero crossings within the acceleration profile for each 
letter after filtering and correcting for differences in letter size. Overshoots were 
defined in terms of the number of pen excursions either above or below the outer 
boundaries of the target zone while undershoots consisted of the number of pen 
excursions that did not reach the inner boundaries of the target zones. 
Data analysis 
The data from each trial were send through a low-pass filter at 12 Hz with an 
algorithm that optimized the spatial and temporal resolution of the recordings 
(Teulings & Maarse, 1984). For each data record a semi-automatic segmentation 
procedure based on absolute pen velocity and writing pressure was used to find the 
start of the first letter and the end of the last letter. The outcome of this procedure 
was monitored visually and necessary corrections were made. For each recorded 
letter sequence the mean values of the dependent measures for each child and 
condition were calculated and entered into appropriate ANOVA' s. We performed a 
multivariate analysis on the four levels of the allograph selection load followed by 
univariate analyses when called for. 
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Results 
Because not all of the children finished each trial within the allotted 10 sec period, 
we included in a further analysis, letter sequences in which at least three of the four 
letters were completed correctly. It is worth noting that the number of trials that 
qualified for this further analysis did not differ significantly as a function of writing 
proficiency or grade level. To determine if there were any disrupting effects on the 
robustness of this further analysis due to the number of missing letters, we performed 
a separate ANOVA on the number of missing letters. The outcome of this analysis 
revealed that allograph selection load had a significant effect on the number of 
missing letters (F(3,40)=10.77, p<.001) which resulted from an over-representation 
of unfinished sequences in the coded condition. None of the other interactions proved 
significant. Also, significant main effects were found for the size condition (more 
missing letters were evident under the smaller size, (F( 1,42)= 19.94, p<.001) and for 
the accuracy condition (more missing letters occurred under the high accuracy 
condition, (F(l,42)=6.11, pc05) but neither size nor accuracy interacted significantly 
with handwriting proficiency. Thus, it may be that, although the number of missing 
letters is a measure which is sensitive to the effects of task variation, this measure 
does not reflect the level of handwriting proficiency. 
The outcome of the ANOVA's performed on the size and accuracy conditions are 
given in Table 1, the multivariate analysis for the allograph selection condition 
appears in Table 2, and the univariate analysis is presented in Table 3. The 
corresponding means for each level of the independent variables appear in Table 4 
for the size and accuracy conditions and in Table 5 for the allograph selection 
condition. 
As the findings in these tables show, there was a significant writing velocity main 
effect for proficiency (F(l,42)=15, p<.001) but not for grade. Contrary to expectation 
however, the poor writers wrote faster (mean=1.71 mm per sec) than the good writers 
(mean=1.43 mm per sec). On the other hand, although dysfluencies did not differ 
significantly according to either proficiency level or grade, spatial errors also varied 
significantly as a function of proficiency level. In particular, both overshoots 
(F(l,42)=l 1.29, p<.01) and undershoots (F(l,42)=4.73, p<.05) were more frequent 
in the data obtained from the poor writers. Thus, it would seem that the poor writers 
wrote faster than the good writers but did so at the expense of the accuracy of their 
writing. 
In addition, a significant main effect on writing velocity, disclosed by the 
multivariate analysis, showed that this measure was sensitive to allograph selection 
load (F(3,40)=3.18, p=.05). However, an interaction was also found between 
allograph selection load and proficiency level (F(3,40)=4.43, p<.01) as well as 
between allograph selection load and grade level. The latter interaction, though, 
reached significance only when a one-tail test was applied to the results 
(F(6,82)=1.90,p<.05). 
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Table I. Summary of the main effects and the first order interactions of proficiency and 
grade with size control and accuracy as disclosed by the ANOVA 's ση 
each of the dependent variables 
Missing tetters 
Proficiency 
Grade 
Size 
Accuracy 
Proficiency * Size 
Grade * Size 
Proficiency * Accur 
Grade * Accur 
Velocity 
Proficiency 
Grade 
Size 
Accuracy 
Proficiency * Size 
Grade * Size 
Proficiency * Accur 
Grade * Accur 
Dysfluency 
Proficiency 
Grade 
Size 
Accuracy 
Proficiency * Size 
Grade * Size 
Proficiency * Accur 
Grade * Accur 
Overshoots 
Proficiency 
Grade 
Size 
Accuracy 
Proficiency * Size 
Grade * Size 
Proficiency * Accur 
Grade * Accur 
Undershoots 
Proficiency 
Grade 
Size 
Accuracy 
Proficiency * Size 
Grade * Size 
Proficiency * Accur 
Grade * Accur 
df p-value 
0 19 
159 
19 94 
611 
060 
0 94 
3 30 
1 94 
15 28 
0 66 
120 28 
36 41 
0 57 
0 43 
3 28 
1 86 
2 15 
0 85 
466 05 
12 58 
2 60 
1 88 
4 88 
135 
1129 
0 34 
19 74 
13 63 
2 63 
2 33 
1 10 
6 94 
4 73 
5 76 
10 18 
7 39 
3 39 
7 02 
4 32 
121 
1,42 
2,42 
1,42 
1,42 
1,42 
2,84 
1,42 
2,94 
1,42 
2,84 
1,42 
1,42 
1,42 
2,84 
1,42 
2,84 
1,42 
2,84 
1,42 
1,42 
1.42 
2,84 
1.42 
2,84 
1,42 
2,84 
1,42 
1,42 
1,42 
2,84 
1,42 
2,84 
1,42 
2,84 
1,42 
1,42 
1,42 
2,84 
1,42 
2,84 
η s 
η s 
<001 
<05 
η s 
η s 
η s 
η s 
<001 
η s 
<001 
<001 
η s 
ns 
η s 
η s 
η s 
η s 
<001 
<00l 
η s 
ns 
<05 
Π 5 
<01 
ns 
<001 
= 001 
η s 
π s 
η s 
<01 
<05 
<01 
<01 
= 01 
η s 
<01 
<05 
η s 
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Table 2. Summary of the main effects and the first order interactions of grade and 
proficiency level as disclosed by the multivariate analyses on each of the depen-
dent variables. 
Missing letters 
Allograph selection 
Proficiency * Alio 
Grade * Alio 
Velocity 
Allograph selection 
Proficiency * Alio 
Grade * Alio # 
Dysfluencies 
Allograph selection 
Proficiency * Alio 
Grade * Alio 
Overshoots 
Allograph selection 
Proficiency * Alio 
Grade * Alio 
Undershoots 
Allograph selection 
Proficiency * Alio 
Grade * Alio # 
# tested one sided to hypothesis 
Furthermore, a univariate analysis applied to the first interaction revealed that writing 
continuous garlands and arcades was accomplished by the poor writers at a rate of 
speed which was 10% higher than when the poor writers produced the letter 
sequences in the other three conditions (F( 1,42)= 12.10, p=.001). Also, a univariate 
analysis applied to the second interaction revealed a decrease in allograph selection 
difficulty with increasing grade level (F(2,42)=3.85, p<.05). The younger children 
were slower when the tasks were more difficult, whereas the older children were 
somewhat faster in the most complex condition (digit codes). In other words, this 
interaction between allograph selection load and writing proficiency level is a 
reflection of the differential effects of allograph selection load which could be 
attributed largely to the poor writers. In particular, in the Level 1 condition (arcades 
and garlands) the poor writers exhibited an overall higher writing velocity. None of 
the other firstorder interactions with either size or accuracy reached significance. 
Thus, it also may be the case that poor writers do not suffer from a problem with 
speed as such, but are hindered instead by the formation of the letters. It should be 
remembered, however, that poor writers performed significantly faster on all of the 
tasks when compared with the good writers. 
F 
10.77 
n.s. 
n.s. 
3.18 
4.43 
1.90 
5.12 
4.16 
2.76 
2.95 
n.s. 
n.s. 
2.89 
n.s. 
1.85 
df 
3,40 
3,40 
3,40 
6,82 
3,40 
3,40 
6,82 
3,40 
3,40 
3,40 
p-value 
<.001 
<.05 
<.01 
<.05 
«c.Ol 
<.01 
<.05 
<.05 
<.05 
=0.5 
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Table 3. Summary of further univariate analysis between the different levels (1, 2, 3, and 
4) of allograph selection load m cases where the multivariate analysis disclosed 
significant effects. 
Missing letters 
Allograph selection 
Velocity 
Allograph selection 
Proficiency * Alio 
Grade * Alio 
Dysfluencies 
Allograph selection 
Proficiency * Alio 
Grade * Alio 
Overshoots 
Allograph selection 
Undershoots 
Allograph selection 
Grade * Alio 
Levels 
1-2 
2-3 
3-4 
1-2 
1-2 
1-4 
1-4 
1-2 
2-3 
3-4 
1-2 
1-4 
2-4 
2-3 
1-4 
2-4 
1-4 
1-2 
1-4 
1-2 
F 
32 36 
4 59 
7 49 
6 69 
12 10 
3 85 
3 85 
6 95 
413 
8.15 
11 10 
9 02 
5 72 
3 82 
5 49 
5 72 
4 20 
4 20 
8 15 
3 07 
df 
1,42 
1,42 
1,42 
1,42 
1,42 
1,42 
2,42 
1,42 
1,42 
1,42 
1,42 
1,42 
1,42 
2,42 
2,42 
2,42 
1,42 
1,42 
1,42 
2,42 
p-value 
<001 
<05 
<01 
<01 
= 001 
<05 
<05 
<01 
<05 
<01 
<01 
<01 
<01 
<05 
<01 
<01 
<01 
<05 
<01 
= 05 
The dysfluency measure yielded a main effect which was similar to the main effect 
obtained from the velocity results. Allograph selection load had a significant effect 
on the number of dysfluencies per mm (F(3,40)=5.12, p<.01). In particular, more 
dysfluencies were found under the more demanding digit code condition than under 
the less demanding garlands and arcades condition. This finding, however, is 
complicated by the interactions that we also obtained between allograph selection 
load and proficiency level (F(3,40)=4.16, p=.01) as well as between allograph 
selection load and grade level (F(6,82)=2.76, p<.05). From the means in Table 5 it 
can be seen that the effects of allograph selection load loose their impact with 
increasing grade level and that the overall low number of dysfluencies among the 
poor writers is more pronounced at the Level 1 condition (arcades and garlands) 
(F(l,42)=l 1.10, p<.01). It may be though, that in the case of poor writers, writing 
performance is disrupted less often by movement dysfluencies. Indeed, for all levels 
of the allograph selection load the poor writers displayed fewer dysfluencies than the 
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Table 4. Summary of means of the dependent variables for each of the size and accuracy 
levels. 
Size Accuracy 
Velocity 
good 
poor 
grade 2 
grade 3 
grade 4 
Dysfluency 
good 
poor 
grade 2 
grade 3 
grade 4 
Overshoots 
good 
poor 
grade 2 
grade 3 
grade 4 
Undershoots 
good 
poor 
grade 2 
grade 3 
grade 4 
6 mm 
1.70 
2.03 
1.76 
1.93 
1.88 
1.98 
1.80 
1.93 
1.99 
1.80 
.31 
.91 
.59 
.55 
.69 
.27 
.85 
1.25 
.22 
.21 
3 mm 
1.19 
1.45 
1.25 
1.33 
1.39 
3.63 
3.19 
3.51 
3.68 
3.11 
.72 
1.79 
1.22 
1.58 
.97 
.14 
.37 
.46 
.08 
.24 
low 
1.52 
1.88 
1.56 
1.72 
1.78 
2.33 
2.21 
2.36 
2.38 
2.13 
.42 
1.17 
.94 
.73 
.70 
.17 
.30 
.54 
.05 
.12 
high 
1.36 
1.58 
1.42 
1.46 
1.54 
2.70 
2.30 
2.52 
2.73 
2.30 
.62 
1.53 
.87 
1.40 
.97 
.25 
.92 
1.17 
.25 
.33 
proficient writers. Consequently, poor handwriting seems to be related to an overall 
more ballistic-type writing style rather than to an excessive sensitivity to fluency in 
the allographic selection process. At the same time it also appears to be the case that 
older children are more competent in mastering the selection of the various 
allographic motor programs than are younger children. 
The conclusions reached thus far were further supported in the main effects that 
resulted from the analyses of the spatial errors. It should be recalled that the poor 
writers made more spatial errors than the proficient writers. The outcome of a 
multivariate analysis applied to the data revealed that an increase in allograph 
selection load was associated with a significant increase in both overshoots 
(F(3,40)=2.95, p<.05) and undershoots (F(3,40)=2.89, p<.05). However, aside from 
a marginally significant interaction between allograph selection load and grade level 
for the undershoots (one-tailed F(6,82)=1.82, p=.05), which reflected a relatively 
larger number of errors for the younger children when the programming load 
increased, no significant interactions were obtained for spatial errors between 
programming load and proficiency level. 
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Table 5. Means for the dependent variables for the four levels of allograph selection 
load. 
Levels of allograph selection load 
Velocity 
good 
Poor 
Grade 2 
Grade 3 
Grade 4 
Dysfluency 
Good 
Poor 
Grade 2 
Grade 3 
Grade 4 
Overshoots 
Good 
Poor 
Grade 2 
Grade 3 
Grade 4 
Undershoots 
Good 
Poor 
Grade 2 
Grade 3 
Grade 4 
1 
1.43 
1.82 
1.58 
1.67 
1.60 
1.42 
1.15 
1.26 
1.38 
1.25 
.41 
1.25 
.67 
.96 
.86 
.16 
.43 
.57 
.10 
.23 
2 
1.45 
1.66 
1.47 
1.58 
1.60 
1.40 
1.32 
1.33 
1.50 
1.29 
.48 
1.43 
.93 
1.19 
.75 
.22 
.64 
.93 
.14 
.23 
3 
1.43 
1.67 
1.49 
1.52 
1.62 
1.37 
1.24 
1.38 
1.37 
1.22 
.50 
1.34 
.97 
1.05 
.74 
.20 
.65 
.96 
.13 
.19 
4 
1.43 
1.71 
1.44 
1.58 
1.69 
1.42 
1.35 
1.51 
1.49 
1.23 
.68 
1.38 
1.05 
1.07 
.97 
.25 
.72 
.96 
.24 
.25 
Thus, although the poor writers produced more spatial errors, these findings mean 
that the number of spatial errors generated by the poor writers was not related to any 
particular difficulty that they experienced in monitoring graphic motor patterns. 
Finally, it is also worth noting that a developmental trend was evident in allographic 
selection since the Grade 2 children were once again more likely to be hindered by 
increased allograph selection demands. In support of this point, we found a 
significantly smaller number of undershoots in the simplest motor pattern level 
(F(2,42)=3.07, p=.05) for these children. 
In addition to the foregoing results we also found a reliable effect of letter size on 
writing velocity (F( 1,42)= 120.28, p<.001). As might be expected, mean writing 
velocity was greater for the 6 mm than for the 3 mm condition. Presumably, both the 
proficient and the poor writers as well as the youngest and the oldest children made 
use of a writing velocity which permitted them to adapt appropriately to these size 
constraints. For the other three dependent measures (number of dysfluencies, 
overshoots, undershoots) the same pattern of findings emerged. Under the 3 mm 
Psychomotor aspects of poor handwriting in children 69 
condition the number of dysfluencies increased (F(l,42)=46.65, p<.001) as did the 
number of overshoots (F( 1,42)= 19.74, p-c.001) while the number of undershoots 
decreased (F( 1,42)= 10.18, гк.01). Once again we found no evidence of a significant 
interaction with proficiency level. However, we did find a significant interaction 
between the number of undershoots and grade level (F(2,82)=7.02, p<.01) which 
means that for the younger children, undershoots were more common in the 6 mm 
condition. Finally, notwithstanding the significant main effects of writing proficiency 
level on writing velocity and error scores (i.e., poor writers write faster and make 
more errors than proficient writers), and despite the significant main effects of 
programming load and letter size, the two groups of children adapted both the 
kinematic and spatial features of their script to the two task demands in a similar 
manner. 
Next, under the accuracy condition, we obtained main effects for writing velocity 
(F(l,42)=36.41, p<.001), dysfluency (F(l,42)=12.58, p<.001), overshoots 
(F(l,42)=13.63, p=.001), and undershoots (F(l,42)=7.39, p=.01). In general, these 
findings indicate that the more demanding target boundaries led to a slower writing 
velocity, a more dysfluent writing trace, more overshoots, and more undershoots. 
A theoretically interesting result was also apparent in the interactions that we 
obtained with proficiency level. From the data it seemed that increasing the accuracy 
demands produced different effects for the two groups of writers. Although both 
groups decreased their writing velocity with increases in accuracy demands, the poor 
writers were less likely than the proficient writers to alter either their fluency 
(F(l,42)=4.88, p<.05) or their undershoot rates (F(l,42)=4.32, p<.05). On the other 
hand, the number of overshoots was not differentially affected by increased demands 
for accuracy. 
The significant effects reported above, especially the lower number of 
dysfluencies combined with the larger number of undershoots for the poor writers 
when the accuracy demands increased, also relate to another interesting finding. 
Specifically, it would appear that poor writers are not necessarily slow writers nor 
are they unable to vary their writing speed when forced to do so under different task 
demands. Instead, where their ability to adapt to task demands seems to fail them is 
when they are asked to vary the size of the letters. In particular, our findings indicate 
that they repeatedly produce letters that are smaller than the requested size. 
Moreover, this failure on the part of the poor writers appeared to be independent of 
the particular size that they were asked to reproduce. In support of this point, from 
the ANOVA's applied to all of the dependent measures, neither the interactions 
between letter size and accuracy nor the interactions with writing proficiency reached 
significance. 
Finally, with respect to accuracy and grade level, the only significant interaction 
that we obtained was for overshoots (F(2,84)=6.94, p<.01). Greater accuracy 
demands were associated with more overshoots for the Grade 3 and 4 children but 
not for the Grade 2 children. 
The last set of analyses that we conducted had to do with the children's 
performances on the various neuromotor tests that we administered. 
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Table 6. Summary of the t-test analysis of the mean tests scores of good and poor writers 
on the different test items of gross and fine motor skills. 
p-value 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
n.s. 
<.01 
<.001 
<.05 
<01 
<.001 
<.001 
n.s. 
Test item 
Motometric items 
1. Equilibrium backwards 
2. Hopping 
3. Jumping sideways 
4. Moving on platforms 
5. Sum 1-4: General Motor Proficiency Test 
6. Walking on heels* 
7. Diadochokinaesis* 
8. Catching big ball 
9. Catching small ball 
Motoscopic items 
10. Synkinaesthesia in item 6* 
I I. Synkinaesthesia in item 7* 
12. Kinesiological stage catching 
Fine motor items 
13. Drawing accurate between lines 
14. Copying figures 
15. Writing observation 
16. Penhold 
t-value, df 
t(39.0)=1.23 
t(39.0)=1.05 
t(39.0)=1.26 
t(39.0)=0.21 
t(39.0)=1.06 
t(39.0)=1.83 
t(39.0)=1.60 
t(39.0)=1.45 
t(27.8)=1.08 
t(39.0)=3.03 
t(39.0)=4.02 
t(37.0)=2.25 
t(46.0)=3.11 
t(36.6)=3.94 
t(45.0)=4.05 
t(34.6)=1.30 
alpha = .05 
* items from the Motor Performance School Readiness Test 
Although we found no significant differences between the poor and proficient writers 
on the General Motor Proficiency Test, we did find differences between these two 
groups in the area of fine motor performance and quality of movements (see Table 
6). The poor writers performed less well than the proficient writers on items drawn 
from the Motor Performance School Readiness Test, especially those items on the 
test that measured motoscopic and visuomotor performance. In particular, the number 
of synkinetic (mirror) movements as well as movements that reflect an overflow of 
muscular activity was greater among the poor writers. Detailed information on the 
nature of these findings is reported in Smits-Engelsman and Portier (1991b). 
Discussion 
The major aim of the present study was to determine if poor handwriting in children 
is related to a specific dysfunction in the psychomotor stages of the handwriting 
model developed by Van Galen (1991). In addition, we examined several alternative 
hypotheses that may also account for poor handwriting in children. The first of these 
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was that poor handwriting stems from an inability to attend to the act of writing and 
other information at the same time. The other two alternative hypotheses were that 
poor handwriting may be a symptom of an overall poor level of motor performance 
or the result of developmental delay or maturational lag. 
Although the results indicated that both the kinematic and spatial features of 
children's handwriting varied as a function of the children's proficiency as writers and 
as a function of the task demands employed in the study, we found no evidence that 
poor writers suffered from any special difficulty in either the allographic or the size 
control stage of the Van Galen model. On the other hand, we did find that when we 
varied the accuracy demands of the tasks (which reflect the muscular adjustment 
stage in the model) poor writers performed less well than proficient writers. In 
particular, we obtained a significant interaction between handwriting proficiency and 
the task demands that related to accuracy. It appeared that the number of dysfluencies 
made by poor writers were less sensitive to the demands associated with the high 
accuracy task condition than was the case for the proficient writers. On the other 
hand, although the proficient writers exhibited more dysfluencies in the high 
accuracy task condition, they succeeded in keeping their undershoot rates relatively 
low when compared with the poor writers. Thus, at the end of the results section we 
stated, as a tentative conclusion, that poor handwriting may stem from a spatial 
control problem. Although poor writers produce more ballistic-type movements, these 
movements often are too small. 
Whether this finding supports the involvement of the muscular initiation stage in 
the Van Galen model, however, is unclear. As a tentative suggestion, though, it 
would seem that these results make it unlikely that higher stages in the model are 
involved. That is to say, neither allograph selection nor size control appeared to 
present any particular difficulty to the poor writers. Instead, poor adaptation by the 
poor writers to the inner border of the error margins, which led to an overall increase 
in the number of under strokes, may have been caused by a failure on the part of the 
poor writers to monitor the delicate forces which are necessary in order to respect the 
inner border demands. Together with the finding of a more ballistic-type movement 
style, it might also be argued that this type of error is indicative of a failure to correct 
less successful first approximations, especially in the case of smaller strokes. 
According to a recently proposed theory on spatial control of finger and hand 
movements (Van Galen & Schomaker, 1992), poor handwriting is related to a failure 
to keep the natural 'noise' in the motor system within a required range. All subjects 
proved to be sensitive to the increased task demands but only the proficient writers 
succeeded in attaining a lower error rate. On the basis of our theoretical account of 
the writing process, it may be the tuning of the fine musculature which is the 
differentiating factor between the two groups. 
Our results, however, do not clarify whether this lack of fine tuning is caused by 
an inadequate inhibitory function of the motor system or by a higher inherent noise 
level in the motor system. The results of our experiment seem to suggest that more 
than one factor might be involved. In contrast to poor writers, proficient writers make 
fewer errors and increase the number of dysfluencies when the accuracy constraints 
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become more difficult. At first glance it might seem that such a finding contradicts 
the hypothesis of a noisy movement system in poor writers. However, dysfluencies 
as measured in the present experiment are most probably related to correction servos 
to adapt current trajectory velocities and directions to biophysical demands. The 
filtering technique which was applied to the raw data signals, together with the 
criterion for discovering dysfluencies, was chosen in such a manner that irregularities 
of the velocity signal which appeared at higher frequencies than those of normal 
correction servos (Van Galen, Van Doom, & Schomaker, 1990) were not included 
in the dysfluency count. 
In a parallel study we analyzed selected parts of the writing tasks also on higher 
frequency components of the velocity signal (Van Galen, Portier, Smits-Engelsman, 
& Schomaker, 1991, 1993). In that study frequency spectra manifested significant 
and meaningful differences between good and poor writers. Proficient writers had 
relatively more slow wave fluctuations of velocity signal, which is in accord with 
their higher degree of dysfluencies in the present analysis. For higher frequencies, 
however, it was discovered that poor writers displayed greater movement noise. 
Together, the results of these parallel studies seem to imply that poor handwriting is 
primarily related to a relatively less stable and more noisy movement system. A 
supplementary explanation could be that there is a strategic component involved as 
well. Proficient writers seem to succeed in finding a strategy to anticipate movement 
errors by making more corrections to the ongoing motor output. Several authors have 
suggested that the degree of servo control is a critical aspect of psychomotor 
development. Hay (1979, 1984) and Hay, Bard, Fleury, and Teasdale (1991) as well 
as Von Hofsten (1980) and Von Hofsten and Rosblad (1988) produced evidence for 
an alteration between more ballistic and more controlled movement strategies during 
the development of reaching and aiming skills. Wann (1987) and Wann and Jones 
(1986) provided evidence that servo control is also a critical factor in the 
discrimination between poor and good handwriting. 
In exploring the alternative explanations of poor handwriting no evidence was 
found that poor handwriting is related to a major attentional problem. Poor writers 
did not exhibit longer movement times in the coded condition which represented the 
attentionally more difficult situation. 
The nature of motor dysfunctioning, as revealed in the present experiment, makes 
it less probable that gross motor skills are effected by the same deficiency as well. 
Indeed, the suggestion that the problem is located in the capacity for tuning the distal 
musculature and in noise reduction rather than in a general low level of motor 
performance, is in line with the test results on gross motor skills. The findings that 
the quality of the movements differed between the two groups is support for the 
neuromotor noise explanation of Van Galen et al. (1993). There is of course a risk 
in generalizing the outcome of the present study to children who suffer from serious 
motor impairments. It should be realized that the children in the present investigation 
were selected on the basis of their poor handwriting and not because of a more 
general or a more serious motor impairment as was the case in several related studies 
(Schoemaker, 1992; Van Mier, 1992). 
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Another alternative explanation for the presence of poor handwriting is 
developmental delay. According to this explanation poor handwriting is said to be an 
example of normal handwriting which occurs at the extreme lower end of a 
developmental continuum. If this explanation were valid, however, writing problems 
should be age-related and should disappear with time. Contrary to expectation, 
though, in a longitudinal investigation of clumsy children, Losse, Henderson, 
Ellisman, Hall, Knigh, and Jongemans (1991) found that almost all of the children 
who were identified as having motor problems soon after they began primary school, 
continued to display similar problems as teenagers. Moreover, in our preliminary 
questionnaire we did not find a decrease in the percentage of children with writing 
problems in the higher grades. Mojet (1991) also failed to obtain a significant 
correlation between length of time in school and legibility of writing. Finally, in our 
experimental data we found no evidence of an interaction between grade level and 
writing proficiency which suggests that poor writers in different grades do not differ 
significantly on the measured features. Considered together, then, these findings seem 
to provide little support for the developmental delay explanation. 
Nevertheless, our experimental manipulations did reveal some interesting 
developmental features. We found that in young children handwriting is still more 
of a cognitive problem. The younger (Grade 2) children displayed more omissions 
in the coded condition than did the children in Grades 3 and 4, yet the cognitive load 
in this condition did not affect the poor writers. Younger writers produced an 
increasing number of dysfluencies with increasing allograph selection load. This 
finding, however, did not apply to the poor writers who showed the smallest number 
of dysfluencies in the motor pattern condition and in the coded condition. As to size 
control, young children had more difficulty writing the letters according to the right 
size in the large letter conditions, whereas no interaction between size control and 
writing proficiency was found. Thus, as a new hypothesis to be investigated in a 
longitudinal study, it could be that allograph selection and size control are specific 
processing units which change during motor development. Accuracy did not interact 
with age whereas this interaction was very obvious with proficiency. 
However, before we reject the developmental delay hypothesis and state that 
writing problems are not a developmental phenomenon, a comparison of the absolute 
handwriting performance measures of the young proficient writers against the older 
poor writers may reveal some additional interesting differences. The results showed 
that poor writers made more spatial errors (both too large and too small) than the 
good writers in all conditions. The features on which the poor writers differed most 
from the highly proficient writers and from the young writers are the number of 
overshoots and velocity. Poor writers produced, on average, more overshoots which 
means that their spatial control might be even more 'immature' than is the case with 
the youngest writers. However, the mean velocity of the less proficient writers is 
much higher than that of the proficient writers, and even higher than that of the oldest 
proficient writers. 
A further unexpected outcome was the significant low value for dysfluencies for 
both the young and poor writers. These latter data corroborate the findings reported 
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by Maarse, Van de Veerdonk, Van der Linden, and Pranger-Moll (1991) and by 
Mojet (1991). Maarse et al. (1991) found an unexpected decrease in ballistic-type 
movements over training and Mojet (1991) reported, contrary to expectation, a 
positive correlation between good shaping and a high number of velocity peaks 
(dysfluencies). In our sample, poor writers showed fewer adjustments in their writing 
trajectories than the youngest writers in all conditions. If developmental delay of 
maturational lag is the most likely cause of deficient handwriting, poor writers should 
have exhibited the same features typically found in the handwriting of the young 
writers. 
Finally, it is worth considering two additional alternative hypotheses, namely that 
poor handwriting might reflect a breakdown of kinaesthetic input to the inhibitory 
systems (Laszlo & Bairstow, 1988, 1991) or a breakdown in visual feedback 
processing (Askov, et al., 1970; Peck, et al., 1980). Poor writers produced more 
spatial errors, but the number of errors was not related to the monitoring of graphic 
motor patterns. The poor writers, however, were characterized by fewer correctly 
scored items with regard to the recognition and labeling of body parts. The latter 
finding suggests that kinaesthesis may indeed be a critical factor in poor handwriting. 
The results of the Power Spectral Density Analysis (Van Galen, Portier, Smits-
Engelsman, & Schomaker, 1993) suggest that the main problem in poor writers is 
caused by poorly inhibited tremors and other neurophysiological noise and that the 
uncovered ineffectiveness does not lie in the frequencies that are assumed to 
represent adaptation to biophysical demands generated through feedback loops. 
Further specific studies will be needed on the role of visual and kinaesthetic 
monitoring and their relation to muscular adjustment. 
In summary, the present results together with the findings from related studies 
suggest that poor handwriting is more closely tied to a dysfunction in the muscular 
adjustment stage of the Van Galen model rather than to a dysfunction in either the 
allograph selection stage or to the size control stage. Furthermore, there were no 
indications that in poor handwriting an overall cognitive dysfunction or a 
developmental delay is involved. 
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and Stanley J. Portier2 
Abstract 
This paper presents an experiment in which spatial and kinematic features of 
digitally-recorded handwriting movements are analyzed and discussed as a 
function of development. The theoretical aim of this study is to relate 
handwriting development to the processing stages that underlie handwriting 
production as assumed in the model of Van Galen (1991). The three 
component processes of the writing system which are most relevant from the 
psychomotor point of view are motor program retrieval, size control, and 
muscular initiation. Two questions are addressed: Which of these processing 
stages are involved in handwriting development in children between eight and 
ten, and do the different component processes develop at the same pace? In 
order to test for heterochronicity, changes in velocity, dysfluency, and spatial 
errors in handwriting segments were analyzed not only as a function of 
development (cross-sectionally and longitudinally) but also as a function of 
process-related task demands. Task demands were constructed to differentiate 
between (1) motor program retrieval, (2) control of writing size, and (3) 
muscular initiation. Initially, the tasks were performed by 48 subjects 
(cross-sectional study); one year later, a subgroup of 16 subjects repeated the 
tasks (longitudinal study). The results show that the component motor program 
retrieval is the process that is most likely to be subject to development, in 
particular between eight and nine years of age. As for size control, younger 
children had more difficulty producing the larger letter size, probably because 
of their failure to plan and execute longer line trajectories. The nine-year-old 
children produced more oversized letters, particularly in high-accuracy 
1
 Nijmegen Institute for Cognition Research and Information Technology (NICI), P.O. 
Box 9104, 6500 HE, The Netherlands. 
2
 Open University of the Netherlands, Centre for Educational Technology and 
Innovation (OTIC), P.O. Box 2960, 6401 DL Heerlen, The Netherlands. 
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Introduction 
Handwriting proficiency is a slowly developing, complex skill encompassing 
psychological as well as motor proficiency. Communication by means of 
handwriting is a typically human competence; however, it is not innate like 
walking or grasping but has to be learned over a relatively long period of time. 
Consequently, the underlying psychomotor processes, such as task orientation, 
abstract representation, form discrimination, serial organization, and fine 
movement coordination can be studied in detail. Additionally, it can provide 
insights into normal and deviant motor development. A further advantage is that 
this skill can be observed in conditions pertaining to daily life. Handwriting 
research, therefore, has a high ecological validity. 
Thus far, the emphasis in handwriting development studies has been directed 
toward explaining overall group differences in the end product rather than 
individual differences in the development of the underlying psychomotor 
processes. Empirical data, on the changes in children's handwriting performance, 
collected during process-theory driven research, are lacking (Kalverboer, 1993). 
Therefore, the aim of this study is to gain insights into the normal development of 
handwriting proficiency using a process-oriented approach. 
The theoretical orientation of the present study centers on the idea that the 
process of movement production can be divided into a number of subprocesses 
which are believed to operate as functionally independent modules. The 
movement responses are the result of the hierarchical processing of movement 
representations through distinct processing modules. Segmentation of 
sensorimotor performance into component functional operations, serially ordered 
for the execution of behavioral acts, appears to be a fruitful research strategy for 
the identification and analysis of the underlying neural mechanisms. The method 
by which the process of movement production is divided into a different number 
and kind of subprocesses is described in a process model. Cognitive models of 
motor behavior have been proposed by many researchers (Teulings, Thomassen, 
& Van Galen, 1983; Rosenbaum, Inhoff, & Gordon, 1984; Van Galen, 
Meulenbroek, & Hylkema, 1986; Levelt, 1989; Sanders, 1990; Van Galen, 1991; 
Thomassen & Van Galen, 1992). These models start from the principle that 
movements are based on cognitive representations within the central nervous 
system (CNS). It is assumed that these representations are organized in a 
hierarchical way. At the higher levels of the hierarchy, the stored representations 
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are fairly abstract, whereas the representations at the lower levels are assumed to 
be more concrete in order to produce the specific response that is required. 
Although the separate modules in the proposed models are hierarchically 
organized, they can be engaged simultaneously. However, processing activities in 
the higher modules are assumed to occur further ahead of the movement 
realization than activities in the lower modules. 
The highest levels of complex movement preparation are directly related to the 
cognitive and neuropsychological aspects of the action planning. These highest 
levels refer to intentions, cognitive structures (i.e., linguistic structures, abstract 
representation, form discrimination), and attentional processes (task orientation) 
needed to process voluntary actions. 
The lower levels of information processing are the Motor programming 
Module, Parameter setting Module, and the Muscular initiation Module. In the 
motor programming phase, the required set of basic motor patterns for each 
complex task (e.g., pointing to a target, throwing a ball, or writing a word), is 
extracted from a long-term motor memory based on past experiences. During 
movement preparation, these basic motor patterns are installed in a short-term 
buffer, which describes the abstract motor program for the complex task. 
Subsequently, during the parameter setting phase, non muscle-specific parameters 
(e.g., distance) are determined in the motor program. Finally, the muscles 
involved and their particular contributions are specified in muscular initiation 
phase. 
In the present study the main research question is whether the development of 
handwriting proficiency in the underlying stages differs. In other words, do all the 
subprocesses that are involved at the different levels of movement production 
develop heterochronically (at different tempos) or homochronically (at the same 
pace)? 
Although there is a considerable body of knowledge suggesting that the 
kinematics of handwriting movements reflect the underlying psychomotor 
processes (Teulings et al., 1983; Van Galen et al., 1986; Teulings, 1988; Hulstijn 
& Van Galen, 1988; Van der Plaats & Van Galen, 1990; Van Galen, 1991 ; Smits-
Engelsman, Van Galen, & Portier, 1994a), as yet little quantitative information is 
available about age-related development in the proposed underlying psychomotor 
processes. The assumption in the present research is that kinematic features 
measured during handwriting can reflect psychomotor demands of the tasks. In 
line with studies on aiming (Hay, 1979, 1984), developmental analyses of 
kinematic features of handwriting (Meulenbroek & Van Galen, 1986) have shown 
a non monotonie development from an initial predominance of fast ballistic 
movements at the age of five or six (characterized by short duration and high peak 
velocity), via a relatively unstable period at the age of seven or eight (when 
movements are decomposed into several submovements), to the mature, 
medium-speed ballistic movements which begin to predominate starting at the age 
of nine or ten. The continued development of these mature and effective 
movement strategies lasts until an age of about fifteen. During this long learning 
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process, letter forms that were initially learned according to the strict rules of a 
specific handwriting curriculum are increasingly adapted to an individual's 
preferred style (Hamstra-Bletz & Blöte, 1990). The idea that mature and effective 
movement strategies are characterized by smooth velocity profiles, showing 
minimal disturbances in the acceleration or deceleration phase, is commonly 
accepted by Hay (1979, 1984), Meulenbroek & Van Galen (1986), and Wann 
(1987). 
The framework of the handwriting model (Van Galen, 1991) upon which the 
writing tasks in this study are based, is analogous to the more general model of 
motor functioning described above. Three separate lower psychomotor modules 
are identified: (1) the selection of letter forms (i.e., allographs), a process 
analogous to motor programming, (2) size control, which is similar to parameter 
setting, and (3) muscular initiation. 
In the Van Galen model (1991) it is proposed that representations for 
allographs are stored in and retrieved from long-term memory as abstract motor 
codes. In this model, motor programming is assumed to be responsible for the 
retrieval of these sequences of relative spatial and temporal specifications from 
the long-term motor memory. A fundamental assumption of the model is that as a 
consequence of learning, and possibly also of development, movement time will 
decrease as initially separate segments become integrated in larger chunks, and the 
preparation of forthcoming segments is increasingly realized during the real-time 
execution of a previous segment (Portier, Van Galen, & Meulenbroek, 1990). 
With practice, upcoming writing segments are retrieved simultaneously with the 
execution of the proceeding segments. 
The abstract nature of the motor program module output makes it necessary to 
further implement biomechanical details into at least two subsequent stages. Of 
these two, parameterization is the processing stage in which the overall dynamic 
characteristics of the motor act, such as size and overall speed, are regulated. The 
parameterization module in the model is assumed to process letter representations, 
but not the representations of the individual strokes. This assumption is based on a 
study by Pick and Teulings (1983) who found that size manipulations in writing 
tasks are difficult to apply at a level lower than that of letter formation. The size 
control module output is considered to be stored in the short-term motor buffer. 
The final stage, as described by the model, is thought to represent the 
recruitment of the appropriate motor unit assemblies within the actual, and quickly 
changing, biophysical context. The later stage further adapts the actual pattern of 
muscle contractions to realize the real-time writing trajectory by further taking 
into account both invariance resulting form the execution of the writing process 
(i.e., the position across the writing line) as well as that resulting from biophysical 
influences. 
In the present study, experimental tasks were designed upon the theoretical 
framework mentioned above. These tasks were structured such that specific task 
demands represent a specific load on one of the component processes of the 
information processing hierarchy. By using this strategy, each of the possible 
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relevant subprocesses could be selectively loaded and studied as a function of 
development. 
For methodological reasons, we applied a combined cross-sectional and 
longitudinal design. In general cross-sectional designs are normative and aim at 
group comparisons. However, what occurs on the average is not necessarily what 
occurs in the individual or in a homogeneous group of individuals. Pooling data 
may obscure differences in the underlying processes. Cross-sectional research can, 
therefore, never be seen as an acceptable substitute for a longitudinal study 
because it does not capture the dynamics of development. Differences found in the 
cross-sectional part of the study are thought to be caused by development of 
cognitive and physical factors. In a longitudinal design, on the other hand, at least 
two other phenomena can be responsible for the changes over time: a test-retest 
effect and the increased emphasis placed on writing performance at the schools 
resulting from participation in the experiment. For these reasons, in this study, we 
combined data from a larger cross-sectional (n=48) study with data from a smaller 
longitudinal (n=16) study. Specifically, we analyzed inter-individual 
(cross-sectional) and intra-individual (longitudinal) data on handwriting 
performance and attempted to attribute the changes in performance to the 
development of the processing modules of the model. Extraneous variables that 
may affect the developmental process were assumed to be controlled by the 
quasi-experimental design of the study. Children in both the cross-sectional and 
longitudinal part of the study participated in a handwriting experiment in which 
spatial and kinematic features of handwriting performance were measured by 
means of computer monitored recording and analysis techniques. To test whether 
the developmental pace in the three motor stages of the handwriting model is 
heterochronic, we selected three task-variables which are considered to relate 
exclusively to each of one of these stages. If the developmental pace of any of the 
underlying processes were different, this would be expressed as statistical 
interactions between the task dimension related to that process and the Grade in 
school (as a representative of cross-sectional development) or Time (reflecting 
longitudinal development). 
Method 
Subjects 
For the cross-sectional part of the study, 48 children divided into three groups 
with mean ages of 8, 9, and 10 years participated (mean 9.1 years). Subjects were 
selected from the second (n=16), third (n=16), and fourth grade (n=16) in primary 
education from a representative sample of primary schools (n=8) in the 
Netherlands. Each child was rated on his/her handwriting achievements during the 
past school year by his/her own teacher. 
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Tasks 
The first task-variable is to be referred to as 'Motor program retrieval load' and is 
related to the retrieval of motor programs for the selected allographs (see Figure 
1). In order to find a baseline performance (Level 1), we used simple guirlandes 
and arcades which are similar to stroking patterns used in 'eee's' and 'mmm's'. This 
task condition was used because it was assumed to put the least load on the motor 
program retrieval. In addition to this control condition, two other task conditions 
were used which were assumed to place heavier loads on the motor program 
retrieval stage. For Level 2, repeating letters like in 'eenn' or 'mmee' were chosen 
to represent a low load on Motor program retrieval. For Level 3, the allographs 
(written letter forms) alternated continuously, as in 'enen' or 'même', thus requiring 
a higher level of Motor program retrieval load. 
In all three levels of the task-variable described above, a direct correspondence 
existed between the stimulus and the required response. Each time, the task was 
presented visually by presenting the stimulus letters on the computer display. A 
fourth task-level was introduced that was designed to test whether problems with 
stimulus-response complexity would explain handwriting development better than 
the difficulties with retrieval. For this task, subjects had to write the same letter 
sequences as in the second and third level of motor program retrieval load, but the 
tasks were presented more abstractly, by a formula. This formula consisted of 
letter and digit combinations, in which the digit code indicated the number of 
replications of each letter. For this task level (Level 4), it was assumed that 
subjects had to make an extra, cognitive translation to arrive at the proper motor 
plan. According to the model (Portier et al., 1990) the motor performance 
becomes increasingly overleamed; therefore, the selection process may move 
downstream and becomes increasingly autonomous. Thus, an early stage of 
handwriting development would be characterized by more attentional 
involvement, and this fourth level would lead to an extra load for subjects for 
whom writing is still less automatic. 
The second task-variable was introduced to manipulate the process of 
parameterization. The Size demand was varied at two levels. 
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Figure 1. Examples of tasks levels of Motor program retrieval, written on the special 
paper. 
Level 1: Simple guirlandes and arcades (line 1 and 2). 
Level 2: Repeating letters (line 3,4, and 5). 
Level 3: Alternating letters (line 6,7, and 8). 
Left row shows response without under- or overshooting. 
Right row shows overshoots in the odd lines and undershoots in the even 
lines. 
All letter sequences had to be written small (3 mm average height of the letters) or 
large (6 mm average height). The two levels of Size control were indicated 
through the lineature on the writing forms (see Figure 2). It is commonly 
hypothesized, based on the average size of children's script, that the small letter 
condition deposits an extra load on the parameterization process (Mojet, 1991; 
Hamstra-Bletz & Blöte, 1990). The required spatial reliability in the small-letter 
condition is believed to deposit an extra load on the parameterization process. 
However, Van der Plaats and Van Galen (1990), report that the production of 
writing trajectories which are larger than normal increases the load on the 
parameterization process. 
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The third variable was associated with writing Accuracy, which is assumed to 
increase the load on the muscular initiation stage. For the production of accurate 
script, a delicate tuning of hand and finger musculature as well as the capability of 
adjusting to the varying biophysical context are critical prerequisites. In order to 
vary the degree of accuracy, the concept of the target zone, defined as the range 
within which the vertical extremes of the letters must be written, was developed. 
Consequently, the subject is not supposed to write on or between lines but 
between an upper and lower zone. The width of this target zone was varied at two 
levels within each Size condition and was either 1/3 or 1/6 of the letter size (see 
Figure 2). 
Procedure and apparatus 
Prior to the experiment, conducted at the pupils' own school, each pupil was given 
the opportunity to get used to the experimental setting by practicing. The 
experiment took about 30 minutes for each pupil. Each trial began with the 
presentation of the stimulus on a computer-operated monitor which was placed 
approximately 50 cm in front of the pupil. Each stimulus was presented for two 
seconds, followed by an auditory starting signal which marked the beginning of 
the registration time. During this registration time, the pupil had to write the 
stimulus on special paper fixed to the XY-tablet. For each trial, a maximum of ten 
seconds was allowed. During the registration time, the letter sequence remained 
on the screen. The end of the registration time was also indicated by an auditory 
signal. The pupil was instructed, without a particular emphasis on speed, to write 
in such a way as to prevent over- or undershoots. 
The apparatus included a MS-DOS computer (80386 processor), a digitizer 
tablet (CALCOMP 2300), an AD/DA interface, and a special pen (Maarse, 
Janssen, & Dexel, 1988) with a built-in registration mechanism. The X and Y 
position of the pen, as well as the axial pen force exerted on the pen point (Z) 
were sampled with a frequency of 100 Hz and were spatially accurate in steps of 
0.2 mm. Once a registration had been completed, the recorded signals were 
filtered in order to enhance the spatial and temporal resolution (Teulings & 
Maarse, 1984). 
Design 
In the cross-sectional part of the study, Development was evaluated by comparing 
the writing performance of the children in the second, third, and fourth grade. In 
the longitudinal part of the study, Development was evaluated using a 
within-subject comparison of the writing performance on the task variables 
between the first and the second measurement (Time 1 and 2). Within each of the 
task variables, each pupil was assigned to 12 trials, according to a randomized 
block design, for each of the task levels. 
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Figure 2. Parts of the special paper used in the experiment. 
Top two sheets show the larger letter condition (6 mm). 
Bottom two sheets show the small letter condition (3 mm). 
Sheet 1 and 3 show the low accuracy condition. 
Sheet 2 and 4 show the high accuracy condition. 
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Data analysis 
After the filtering procedure was carried out, the writing trajectories were 
displayed for inspection and analyzed by means of an interactive computer 
program. Segment boundaries were determined by searching within the absolute 
velocity pattern of the recorded writing movement for the minima that coincided 
with consecutive up- and down strokes. 
For each segment the velocity and writing dysfluency were determined. 
Writing dysfluency was defined as the absolute number of velocity maxima, 
within the velocity profile of one grapheme segment. Furthermore, two spatial 
error measures were defined, namely the number of times the pupil made an 
overshoot (the outer limit of one of the target zones was crossed) or an undershoot 
(the inner limit of one of the target zones was not reached) (see Figure 1). For the 
analysis of the dependent variables, the first segment was excluded because of 
large variability in the first upstroke. 
In order to investigate the effects of the three task variables in the cross-
sectional part of the study, we first performed a MANO VA on the means of 12 
replications according t o a 8 x 3 x 2 x 2 x 2 x 4 design [Subjects(SS) χ 
Grades(GR) χ Proficiency(PROF) χ Size(S) χ Accuracy(ACC) χ Motor program 
retrieval(MP)] (two-tailed; alpha=.05). We found significant Developmental 
effects, but no interactions between the task variables proper, nor any three-way 
interactions with Development. Next we performed a new MANOVA for the task 
variables Size and Accuracy according t o a 8 x 3 x 2 x 2 x 2 design [SS χ GR χ 
PROF χ S χ ACC] (two tailed; alpha =.05). The Motor program retrieval variable 
was analyzed independently from the two other task variables by means of a 
MANOVA because it had four levels of performance. For all cases where the 
multivariate analysis according t o a 8 x 3 x 2 x 4 design [SS χ GR χ PROF χ MP] 
disclosed significant effects of Motor program retrieval load on the writing 
performance, further univariate analysis was used to test the significant 
differences between the four levels of this task domain. 
We further checked if the sample of our longitudinal group (n=16) was 
representative of the cross-sectional research sample (n=48). To this end we 
performed a discriminant analysis on all the groups of data (selection criteria, 
experimental data, and psychomotor covariables) available for the children. No 
significant differences were found between the two samples. It can be concluded 
that the sample of writers, used in the longitudinal investigation, represents a true 
selection of the children in the cross-sectional part of the study. For the 
longitudinal part of the study, the same data analysis procedure was followed as in 
the cross-sectional. However, the variable Grade was replaced by the averages in 
the first and second measurement (Time 1 and 2) now representing the 
experimental variable Development: 8 x 2 x 2 x 4 [SS χ DEV χ PROF χ MP] and 
8 x 2 x 2 x 2 x 2 [SS χ DEV χ PROF χ S χ ACC]. 
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Results 
Summaries of the main effects and the first order interactions of Development 
(Grade or Time) with the task variables Motor program retrieval, Size control, and 
Accuracy as disclosed by the multivariate or univariate analysis on each of the 
dependent variables are given in Tables 1 and 2. Summaries of the means of the 
dependent variables are shown in Tables 3 and 4. 
Results of the cross-sectional part of the study 
Unfinished trials 
The trial was included for further analysis if at least the first three out of four 
letters (or pattern segments) had been completed. The number of trials that 
qualified for further analysis did not differ significantly as a function of Grade. 
All experimental variables had significant effects on the number of unfinished 
trials, resulting in an over-representation of unfinished sequences when task 
demands were higher. Neither a main effect nor interactions with Grade proved to 
be significant. A preliminary conclusion may be that although the number of 
missing letters is a sensitive measure of the effect of task variation, it does not 
reflect a cross-sectional developmental trend in handwriting performance of 
children of 8, 9, and 10 years of age. 
Main effects of Grade 
The analyses revealed no significant differences between the age groups with 
respect to movement time, velocity, writing height, writing pressure, and writing 
dysfluency. Furthermore, the spatial feature 'overshoots' showed no significant 
effect either. However, the spatial feature 'undershoots' did show a developmental 
trend. The youngest children (8 years of age) wrote too small in many more trials 
than the two higher grades (F(2,84)=5.76, p<.01) (see Table 1). 
Main effects of task variables and interaction with Grade 
Velocity 
For all task variables, a main effect on writing velocity was revealed. By 
analyzing the multivariate main effect of Motor program retrieval (F(3,40)=3.18, 
p<.05) univariately, it was revealed that continuous guirlandes and arcades were 
written faster than the letter sequences at the other three levels (F(l,42)=6.69, 
p<.01). Additionally, a multivariate interaction was found between Motor program 
retrieval load and Grade (see Table 2). The latter interaction reached significance 
using a one-tailed test (F(6,82)=1.90, p< .05). Motor program retrieval difficulty 
decreased with increasing age (F(2,42)=3.85, p<.05). Younger children slowed 
down substantially when the tasks became more difficult, in contrast to the older 
children, who became even slightly faster in the most complex condition (digit 
codes). 
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Table I. Summary of the main effects and interactions (two-tailed) of the 
task-variables Motor program retrieval, (MP), Size, and Accuracy (Ace) and 
Development (Dev). 
Unfinished items 
Dev 
Dev* MP 
Dev * Size 
Dev * Accur 
Velocity 
Dev 
Dev* MP 
Dysfluency 
Dev 
Dev* MP 
Overshoots 
Dev 
Dev* MP 
Dev * Size 
Dev * Accur 
Dev * Size * Prof 
Undershoots 
Dev 
Dev* MP 
Dev * Size 
Dev * Accur 
Dev * Size * Prof 
F 
-
-
-
-
-
1.90 
-
2 76 
-
-
-
6 94 
-
5 76 
1 83 
7 02 
-
-
Cross-sectional 
df 
-
-
-
-
-
6,82 
-
6,82 
-
-
-
2,82 
-
2,84 
3,82 
2,84 
-
-
p-value 
η s. 
η s 
η s 
η s 
π s 
< 0 9 
η s 
< 0 5 
η s 
η s 
η s 
< 0 1 
η s 
< 0 1 
< 1 0 
< 0 1 
η s 
η s 
Longitudinal 
F 
11 37 
5 24 
9 89 
4 63 
5 75 
-
6 59 
-
-
3 12 
8 94 
4 49 
4 13 
-
-
3 66 
-
5 08 
df 
2,13 
1,13 
2,13 
2,13 
2,12 
-
2,12 
-
-
1.13 
2,13 
2,13 
2,13 
-
-
2,13 
-
2,13 
p-value 
005 
01 
05 
05 
05 
л s 
05 
л s 
π s 
07 
01 
05 
06 
η s 
η s 
08 
η s 
05 
With regard to the main effect of Size, it was found that the average velocity was 
significantly higher in the 6 mm condition than in the 3 mm condition 
(F( 1,42)=120.28, fx.001). This effect of Size was independent of Grade 
(F(2,48)=0.43, p>.10). Presumably, for size constraints both the younger as well 
as the older subjects adapted writing velocity in an analogous manner. For the 
main effect of Accuracy, it appeared that the average velocity was significantly 
lower if the accuracy demands were higher (F(l,42)=36.41, rx.001). This effect 
of Accuracy again showed no significant interaction with Grade. Based on the fact 
that first-order interactions were found with Motor program retrieval only and not 
with Size and Accuracy, younger writers appeared to have been specifically 
hindered by increased motor program retrieval demands as reflected by their 
slower task performance in the more difficult conditions. 
Psychomotor development of handwriting: A cross-sectional... 89 
Table 2. Results of the univariate analysis of the different levels (1, 2, 3, and 4) 
of Motor program retrieval load when multivariate analysis disclosed 
significant effects. 
Velocity 
Dev*MPl-4 
Dysfluencies 
Dev*MP2-3 
Undershoots 
Dev*MPl-2 
Dvsfluencv 
Cross-sectional 
F df p-value 
3.85 6,42 <.05 
3.82 
3.07 
6,42 
6,42 
<.05 
=.05 
Unfinished items 
Dev*MPl-2 
2-3 
3 ^ 
Overshoots 
Dev * MP 2-3 
Longitudinal 
F df p-value 
6.64 1,13 «C.05 
3.77 1,13 .07 
9.41 1,13 <01 
8.45 1,13 <.01 
The dysfluency results were similar to the velocity results. Motor program 
retrieval load significantly influenced the number of dysfluencies per mm 
(F(3,40)=5.12, p<.01). Univariate analysis revealed significant differences 
between the four levels of programming load on this variable. The highest number 
of dysfluencies was found for the most difficult (digit code condition) and lowest 
for the easiest condition (guirlandes and arcades). The picture is complicated by 
the interactions between Motor program retrieval load and Grade, (F(6,82)=2.76, 
p<.05). From the means in Table 3, it can be seen that Motor program retrieval 
load loses its impact on dysfluencies with increasing grade. 
In order to analyze the effects of Size, a correction was made for dysfluency, 
normalized to a distance of 1 mm. The results showed that the number of 
dysfluencies per mm on average was larger in the 3 mm condition than in the 6 
mm condition (F(l,42)=466.05, p<.001). In other words larger letters were written 
more fluently. This effect was independent of Grade. (F(2,48)=1.88, p>.10). For 
the different levels of Accuracy, the average dysfluency was higher in the 
condition that demanded highest accuracy (F(l,42)=12.58, p=.001). The effects of 
Accuracy did not show any interaction with Grade (F(2,48)=1.35, p>.10). These 
results corroborate the preliminary conclusion reached after analyzing the velocity 
results: Older children seem to be especially more competent in mastering 
selection of varying allographic motor programs than younger children, but do not 
differ in their control of size and accuracy demands. 
Overshoots 
The multivariate analysis showed that an increase of Motor program retrieval load 
coincided with a significant increase of overshoots (F(3,40)=2.95, p<.05) and 
undershoots (F(3,40)=2.89, p<.05). For the variable Size, pupils in the 3 mm 
condition wrote too large more often than in the 6 mm condition (F(l,42)=19.74, 
p<.001). This effect, however, was independent of Grade (F(2,48)=2.33, p>.01). 
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Undershoots 
As mentioned above, a main effect for Grade was found (F(2,84)=5.76, p<.01) 
which meant that the children in Grade 2 made more errors. The multivariate 
analysis showed that an increase in Motor program retrieval load coincided with a 
significant increase in undershoots (F(3,40)=2.89, p<.05). Motor program retrieval 
showed a developmental trend as the second graders again were more affected by 
increased Motor program retrieval demands, as reflected in the relatively larger 
number of errors for the youngest children when letters rather than arcades and 
guirlandes had to be written (F(2,42)=3.07, p=.05). Also an effect of Size on the 
number of undershoots was found. More specifically in the 6 mm condition, 
writing too small occurred more often (F( 1,42)= 10.18, p<.01). However, this 
applied only to the children in Grade 2, as expressed in the significant interaction 
between Size and Grade (F(2,84)=7.02, p<.01). 
Results of the longitudinal part of the study 
Main effects of Development 
Before analyzing the development of handwriting proficiency in combination with 
the process-linked variables Motor programming, Size, and Accuracy, we 
determined whether there were any overall developmental changes in the 
measured variables. Significant main effects for the repeated measurement 
(Development) were found for unfinished items (F(2,13)=l 1.25, p<.01), writing 
velocity (F(2,13)=7.22, p<.05), and dysfluencies (F(2,13)=7.65, p<.05) (see Table 
1). The children improved their ability to finish the tasks (50%) (the first time they 
missed 5% and one year later only 2,5% of the items). Between the first and the 
second measurement writing speed increased 18%, and the number of corrections 
during the writing trajectory decreased (see Table 3). 
Interactions of Development and the task dimensions 
Our main interest, however, lays in finding differences in the development of 
handwriting that are linked to the experimental task dimensions. Statistical 
interactions between the task dimension Motor program retrieval and 
Development were found for the following dependent variables: unfinished items 
(F(l,13)=5.24, p<.01) and overshoots (F(l,13)=3.12, p<.05, one-tailed test) (see 
Table 2). The number of overshoots increased for the guirlandes and arcades 
(11%) and for repetitive letter items (5%), whereas it decreased on the two more 
difficult levels (alternating letters (11%) and coded condition (20%) (see Table 
3)). This implies that the coded words were no longer inducing an extra cognitive 
load. 
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Table 3. Means for the dependent variables for the four levels of Motor program 
retrieval. 
Levels of Motor program retrieval load Levels of Motor program retrieval load 
1 
Unfinished items 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
Dysfluency 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
Undershoots 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
0 08 
0 20 
0 15 
0 24 
0 15 
80 37 
88 48 
80 44 
88 05 
69 86 
0.57 
0.10 
0 23 
0 26 
0.42 
2 
0 27 
0 37 
0 25 
041 
0 16 
85 36 
95 84 
82 79 
90 03 
73 59 
0 93 
0 14 
0 23 
0.29 
0.37 
3 
0 27 
031 
0 1 5 
0 27 
0 14 
88 26 
87 62 
77 80 
85 77 
69 24 
0 96 
0 1 3 
019 
0 24 
0 35 
4 
0 40 
0 40 
0 19 
0 48 
0 07 
96 82 
95 15 
78 80 
96 17 
73.01 
0 96 
0.24 
0.25 
031 
0 42 
Velocity 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
Overshoots 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
Mean age 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Time 2 
1 
12 62 
13 78 
12 84 
12 02 
14 67 
0 67 
0.96 
0.86 
0 90 
0 93 
8 0 
9 0 
100 
9 5 
105 
2 
1194 
1261 
12 79 
1178 
14 34 
0 93 
1 19 
0 75 
0 86 
0 99 
3 
11 94 
1218 
12 97 
1174 
14 31 
0 97 
105 
0 74 
1 15 
0 83 
4 
1152 
11 62 
13 48 
1109 
15 09 
105 
107 
0 97 
1 33 
0 80 
On the contrary, the children wrote too large less frequently in the conditions with 
the highest levels of programming and attentional load. The point that the 
programming of a coded word is no longer difficult is confirmed by the decrease 
of number of unfinished words in the more difficult items. 
As stated in the cross-sectional part of the study, the process of Motor program 
retrieval during this one year period, remains a component m the development of 
handwriting proficiency. However, it should be noted that in the cross-sectional 
part of the study young writers experienced the greatest hinder in Motor program 
retrieval. One year later, this youngest group (8 years of age), is no longer 
'present' because the mean age at measurement Time 2 is 10.5 years of age. 
Significant interactions between the task-variable Size control with 
Development were disclosed for unfinished items (F(2,13)=9.89, p<.05), 
overshoots (F(2,13)=8.94, p<.01), and undershoots (F(2,13)=3.66, p<.05, 
one-tailed). However, interpretation of this first-order interaction was obscured by 
second-order interactions for Size and writing proficiency level on the variables 
overshoots and undershoots. Inspection of the data revealed that both good and 
poor writers showed increased overshooting in the large letter condition one year 
later (Table 4). Poor writers, however, also showed an increased undershooting in 
the small letter condition. A more detailed description on the aspects of poor 
writing is given in Smits-Engelsman et al. (1994a). Interactions between the 
task-variables Accuracy and Development were disclosed for unfinished items 
(F(2,13)=4.63, p<.05) and overshoots (F(2,13)=4.49, p<.05). 
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Overshooti 
Grade 2 
Grade 3 
Grade 4 
Time 1 
Overall 
Good 
Poor 
Time 2 
Overall 
Good 
Poor 
Size 
6 mm 
I 
0 59 
0 55 
0 69 
0 68 
0 13 
1 15 
1 08 
0 32 
174 
3 mm 
122 
1 58 
0 97 
1 34 
0 53 
2 0 4 
0 70 
0 43 
0 94 
Accuracy 
Low 
0 94 
0 73 
0 70 
0 72 
-
-
0 91 
-
-
High 
0 87 
140 
0 97 
1 29 
-
-
0 87 
-
-
Size 
6 mm 
Undershoots 
Grade 2 
Grade 3 
Grade 4 
Time I 
Overall 
Good 
Poor 
Time 2 
Overall 
Good 
Poor 
1 26 
0 22 
0 21 
0 33 
0 05 
0 57 
0 29 
0 27 
0 35 
3 mm 
0 46 
0 08 
0 24 
0 22 
0 01 
041 
0 49 
011 
0 82 
Accuracy 
Low 
0 54 
0 05 
0 12 
0 16 
-
-
0 33 
-
-
High 
1 17 
0 25 
0 33 
0 40 
-
-
0 45 
-
-
The differences between the two Accuracy levels diminished between the two 
measurements The number of overshoots increased in the low accuracy demand 
but decreased if high accuracy was required (see Table 4) 
Conclusions 
The main aim of this study is to assess whether changes over time (Development) 
in writing performance may be attributed to different component processes of the 
writing system as described in the handwriting model of Van Galen (1991) On 
the basis of this study, it can be stated that the development of the individual 
processing stages follows a different time course 
The cross-sectional part of our investigation revealed some interesting 
developmental features concerning the experimental task dimensions We found 
evidence that handwriting in young children is still more of a cognitive or 
attentional problem Younger children showed more omissions in their 
handwriting if the stimulus was presented in a noncompatible manner, than the 
older children Motor programming load was most clearly the process that 
changed in the period under investigation (8-10 years of age) With increasing 
load on Motor program retrieval, the number of dysfluencies increased For the 
parameterization process of Size control, the expected results were not obtained 
Younger children had more problems in producing the larger letter size This is 
probably caused by their failure to plan and execute larger line trajectories On the 
other hand, the 9-year-old children showed a decrease in Accuracy control by 
producing more overshoots in high Accuracy demands 
When comparing the results of the cross-sectional and the longitudinal part of 
the study, one should keep m mind that the mean ages of the two groups are 
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different (Table 3). This explains why the effects that occurred between the 
youngest group and the older groups no longer occur in the longitudinal study. 
The fact that children improved their ability to finish the tasks (50%) in the 
longitudinal part of the study might be mainly explained by a test-retest or 
learning effect. The results of the longitudinal study confirmed that younger 
writers, as compared to the older writers, have greater difficulty with motor 
program retrieval. During development the elements which initially are 
programmed separately, are integrated into larger parts. The preparation for later 
segments will then be increasingly realized the execution of the preliminary 
segment. Practice will lead to an increased size of the basic unit of programming 
and probably to a larger amount of concurrent processing. Retrieval of subsequent 
segments may occur during the execution of a preceding segment (Hulstijn & Van 
Galen, 1988; Portier et al., 1990). The amount of concurrent processing e.g., 
cognitive tasks, will increase as a function of practice and development. 
The effect of accuracy control was also confirmed by the longitudinal study. 
The 9-year-old children showed a change in Accuracy control which probably 
results from a change in movement planning strategy. Although the older children 
are now able to plan and execute larger line trajectories, they are not yet able to 
adjust the amount of muscular initiation. Based on these data, it can be concluded 
that adaptation to the current spatial constraints is still developing between 8 and 
11 years even though the kinematics of movement no longer reflect this 
maturation. 
By analyzing the kinematic variables, we have found that the skill of writing is 
still subject to change over the full range of the ages under investigation. When 
learning increases, stabilization of the joint by co-contraction becomes less 
outspoken, and at the same time the involvement of the more distal joints releases 
more degrees of freedom. This could account for the individual increase in writing 
speed and fluency. For some time, however, spatial variability will increase 
because of this change in strategy. It takes some time to rescale the muscular 
initiation process so that movement control once again becomes more stable and 
accurate (>10 years of age). This may explain the discontinuity in the spatial 
domain. 
The biological basis for learning and development is the adaptability of the 
CNS. A question to be answered in further research is whether development of the 
different processing stages of handwriting production is the same in a more or less 
damaged nervous system. If one component of the system does not function 
normally, the remaining components may reorganize into a new 'configuration'. 
Therefore, linkage between the outcome deficiencies and the neurological 
architecture that subserves complex motor behavior remains critical. To avoid this 
linkage problem in motor development studies, a theoretical framework based on a 
well-defined process-oriented account of motor behavior as proposed in this paper 
can be used. Our recent work (Smits-Engelsman et al., 1994a) already provides 
some evidence that the developmental pace in the handwriting acquisition process 
for high and low proficient writers is not the same. 
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Abstract 
In the present study a longitudinal design was applied to trace developmental 
trends of the psychomotor processes underlying poor handwriting performance 
(dysgraphia). A specific aim of the study was to differentiate between normal 
variations of developmental pace and lasting handwriting deficiency. Sixteen 
primary school children were tested with experimental writing tasks that were 
recorded on a computer monitored XY-tablet. The tasks were designed to 
measure a subject's sensitivity to processing demands specifically chosen to 
represent different modules of the postulated psychomotor model of 
handwriting (Van Galen, 1991). We proposed that the following modules of 
this model might be relevant to the research question: allograph retrieval, size 
control, and muscular adjustment. Dependent variables were spatial errors, 
movement time, movement dysfluencies, trajectory length, stroke curvature, 
and the degree of neuromotor noise in the movement velocity profiles. The 
latter variable was measured by means of Power Spectral Density Analysis 
(PSDA) of the movement velocity signal. The PSDA revealed that handwriting 
movements of poor writers were substantially more noisy than those of 
proficient writers, with a consistent peaking of the noise energy in the region of 
the spectrum which is representative of neuromotor tremor. Also, poor writers 
were less successful in adapting the level of accuracy to increased task 
demands. This difference, measured by PSDA, between good and poor writers 
increased significantly during a one year time period. It was concluded that 
control of spatial accuracy rather than allograph retrieval or size control is the 
most discriminating feature between dysgraphic and non-dysgraphic children. A 
likely candidate for dysfunction in dysgraphia, therefore, is the process of 
motor unit recruitment. The present study provides further evidence that poor 
writers do not catch up with their peers over time. 
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Introduction 
Handwriting and drawing are complex motor behaviors in which linguistic, 
psychomotor, and biomechanical processes closely interact with maturational, 
developmental, and learning processes (Meulenbroek & Van Galen, 1988; 
Hulstijn & Van Galen, 1988; Portier, Van Galen & Meulenbroek, 1990). Like 
other complex motor and linguistic skills such as speech and reading, handwriting 
requires extended time for a high level of proficiency to develop (Mojet, 1991). 
This long learning period and its sensitivity to neurological disturbances (Lezak, 
1990) make handwriting a useful skill to study developmental factors as well as 
the impact of minor neuromotor dysfunction on proficiency. 
Writing problems and problems in other school-related motor skills are 
encountered quite frequently at school and in clinical practice. It is estimated that 
5 to 20 percent of all children show some form of non-optimal fine motor 
behavior (including writing disorders) (Gubbay, 1975). Writing problems are the 
most frequently mentioned problems in children with Developmental 
Coordination Disorder (DSM-Г , 1994) or Clumsiness (Schoemaker, 1992). The 
common feature of dysgraphic children is that even with the proper amount of 
instruction and practice, they fail to make sufficient progress in the acquisition of 
the fine motor task of handwriting. The main feature of dysgraphic children is that 
they are not capable of producing a good quality script. Dysgraphic handwriting 
lacks consistency (Keogh & Sugden, 1985) and this is not due to carelessness or 
ignorance. Also, these handwriting problems are typically of a motor nature and 
are not caused by poor spelling or other psycholinguistic problems (see Ellis, 
1982; Margolin & Wing, 1983; Lemer, 1983; Hamstra-Bletz & Blöte, 1993; 
Wann, 1987; Wann & Kardirkamanathan, 1991). 
Traditional handwriting research has predominantly focused on analyzing the 
product of handwriting activity. Descriptive research in the field of handwriting 
has helped to gain insight into several aspects of poor handwriting performance, 
including letter formation quality, size and slant control, and pen holding postures 
(Hamstra-Bletz, De Bie, & Den Brinker, 1987). Also, developmental changes 
(Mojet, 1991; Blöte & Hamstra-Bletz, 1991) related to writing speed and the form 
features of script have been well documented. For instance, descriptive, product-
oriented approaches have made clear which criteria must be met for script to be 
legible (Ajuriaguerra & Auzias, 1975), what kind of malformations in letter forms 
are found, which letters are most important for legibility (Freeman, 1954), and 
how distance between letters and words affects legibility (Alston, 1983). Typical 
developmental discoveries are that model letter forms change into personal letter 
forms during adolescence (Weinert, Simons, & Essing, 1966; Wing, Watts, & 
Sharma, 1991; Hamstra-Bletz, 1993). Further, there are significant differences in 
the spatial accuracy of writing at different ages (Askov, Otto, & Askov, 1970; 
S0vik, 1975). Simner (1991) has tried to use the number of form errors in 
preschool children to estimate their learning potential in elementary school. He 
suggests that poor letter formation and poor school achievement may be caused by 
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the same underlying memory and/or planning problem. 
Studies described thus far have concentrated on the quality of the handwriting 
product, without paying attention to the processes underlying the production of 
the handwriting movements. In the present study it is argued that to disentangle 
developmental processes and psychomotor deficiencies, an understanding of the 
motor control processes that leads to the product is vital. The aim of this kind of 
approach is to relate motor behavior to the underlying motor control processes. A 
major assumption of such a research strategy is that handwriting is the joint 
outcome of several cognitive, linguistic, and motor processes. 
Normal motor development is characterized by increased consistency in motor 
performance (Williams & Woollacott, 1992). The nervous system learns to control 
the timing and activation of the movement, and the biomechanical effector 
transforms the noisy neuronal signal into a smooth, spatial signal. The most 
important factor on skill level is probably the amount of practice, but there are 
other factors that interact with the level of performance. Dexterity is not a 
property of the motor act itself but rather of its interaction with the changing 
environment (Latash & Latash, 1994). In order to achieve spatially accurate 
writing, the neurological recruitment and muscular initiation of the motor units 
must, therefore, be appropriate for a task within a momentary biomechanical 
context. However, given a proficient and mature neuromotor system and unlimited 
practice, there is still a limit to movement precision and consistency. Practice 
makes almost perfect, but movement proficiency may well be limited by the noise 
reducing (filtering) capabilities of the neuromotor system. 
According to several authors, the most salient feature of poor handwriting is its 
variability in size, form, and orientation across repetitions (Wann, 1987; Wann & 
Kardirkamanathan, 1991). If several replications of the same handwriting pattern 
are considered, the random variation around the average spatial (or spatio-
temporal) pattern may be considered as an estimate of the motor noise inherent to 
the handwriting task. Wing (1979) suggested that these random variations in 
handwriting may arise from the noise of the neuromuscular system. Using the 
same line of reasoning, it might be argued that the control of the amount of noise 
that is transferred to the spatial domain is a relevant factor in writing performance 
and handwriting research. Results from Van Galen, Portier, Smits-Engelsman, and 
Schomaker (1993) suggest that motor development is characterized by increasing 
efficiency in using the noise inhibiting capacities of the neuromotor and muscular 
system. 
Current research suggests that the neuromotor system may utilize various 
means to control this dynamic end-point variability of movements. There are 
several ways known in which the subject can influence the amount of neuromotor 
noise that causes inaccuracy in movements. First, the subject can preclude any 
noise from entering the movement by producing small force pulses, which have 
low variability (Schmidt, Zelaznik, Hawkins, Frank, & Quinn, 1979; Schmidt, 
Sherwood, Zelaznik, Leikind, 1985). This can be done by choosing a slow 
movement pace. Fitts (1954) was the first to propose a formal, theoretical account 
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of this strategy. The basic assumption of his theory, which builds on the principles 
of information theory, is that the outflow of movement information is limited and 
constant. Because an accurate aiming movement requires the flow of relatively 
more movement information, it will take longer to be completed successfully than 
a less accurate movement. A further assumption of Fitts' theory is that the amount 
of noise within the neuromotor system is responsible for limitations in the rate of 
transferred movement information. Moreover, Fitts substantiated his theoretical 
claim by showing that the actual changes in movement time closely correspond 
with his prediction, which has become known as Fitts' law. 
In handwriting, relative small forces are used; this predicts recruitment of 
relatively small motor units according to the size principle (Henneman, 1981). 
The size principle states that the size of the newly recruited units increases with 
the tension level at which they are recruited. This means the smallest unit is 
recruited first and the largest, last. In this manner, low tension movements can be 
achieved in finely graded steps. Muscles of the fingers have a small number of 
fibers per motor unit. Just before one motor unit reaches its maximum firing rate a 
new unit is recruited. Units usually drop out in an order reversed to that in which 
they were recruited. This way motor unit recruitment is used to regulate 
contraction force. Moreover, small (finger) muscles can also adjust force by subtle 
changes in firing rate (Van Boxtel & Schomaker, 1983). Poor writers may not be 
capable of distal movements with these small motor units, and therefore, use a 
less-finely graded, more proximal effector system. 
A second strategy to influence the amount of motor noise is to change the 
degree of antagonistic co-contraction (Van Galen & Schomaker, 1992). Increased 
co-contraction of antagonistic muscles may reduce the effects of neuromotor noise 
on the movement outcome by enhancing the stiffness and viscosity characteristics 
of the effector joint. However, there is an optimal degree of increase, because the 
contractions of antagonistic muscles needed to change the visco-elastic 
characteristics of a joint also produce an increase in neuromotor noise by their 
own recruitment. 
A third strategy to reduce spatial inaccuracy may be found in modulating 
friction forces relative to the working area upon which movements are applied. An 
example of this strategy is found in the increased pen pressure levels which are 
found when subjects perform graphic tasks under conditions of stress (Maarse & 
Van Galen, 1993). 
A new method to estimate neuromotor noise 
To gain insight into the process of controlling the accuracy of movements, a new 
measure, developed by Van Galen and Schomaker (1992), was used as to estimate 
the noisiness of a child's movements. A basic assumption of the method is that one 
of the causes of spatial inaccuracy lies in the inherent variability of the motor 
output system. This so-called neuromotor noise is considered to be a dynamic 
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influence on the spatial end point variability of movement. The essence of the 
method lies in the application of Power Spectral Density Analysis (PSDA) to 
estimate the relative contribution of noise to the total energy which is present in a 
recorded movement signal. PSDA is a mathematical method in which Fast Fourier 
Analysis is used to decompose the energy in a time function of a recorded 
movement signal (e.g., the velocity profile of a writing stroke from the start of the 
movement until the end) into its frequency components. For the application of the 
method it is assumed that observed variation of movement velocity is a periodic 
signal which basically is the summed outcome of various periodical sources of 
variation. Each source of variation has its own typical frequency. For example, if 
writing strokes are delivered with a pace of 10 strokes per second, the overall 
frequency of the movement will be 5 Hz. However, superimposed upon the 
overall pacing of feedback-based corrections, tremors, recruitment noise, and 
mechanical oscillations add energy to the periodical signal. In the present 
experiment PSDA is used to measure the remaining energy in the velocity profile 
of movements after the energy related to the overall frequency of the movements 
has been subtracted. What then is actually measured after this substraction is a 
deviation spectrum which reflects the periodical fluctuations of the signal caused 
by corrections, tremors, and mechanical oscillations. Details of the method have 
been described in Van Galen, Van Doorn, and Schomaker (1990) and Van Galen, 
Portier, Smits-Engelsman, and Schomaker (1993). In the latter, study PSDA was 
applied to the velocity profile of experimental handwriting tasks performed by 
poor and proficient writers to estimate the degree of neuromotor noise in their 
movement profiles. Results showed that in particular energy in the 4-7 Hz band of 
the velocity profile is related to poor handwriting. The origin of this noise 
component is most likely neuromotor tremor. 
The locus of deficit 
It is proposed that the study of the psychological development of handwriting as a 
complex skill is best served by a systematic exploration of the underlying 
psychomotor processes and, more specifically, of their normal and deviant 
developmental pace. To this end, a task-loading research design is used to localize 
deficiencies and/or developmental delays in relevant motor processing stages. In 
this research strategy, tasks were designed to measure a subject's sensitivity to 
specific processing demands (process loading task method). Each specific task 
demand was chosen to represent one particular stage of the handwriting model by 
Van Galen (1991). 
The model has been used to investigate to what extent dysgraphia may be 
explained as the result of a malfunction of one of the postulated component 
processes of the psychomotor system. Van Galen (1991) summarized 
neuropsychological as well as experimental evidence that supports a 
discrimination between the following three processing modules in the 
performance of motor tasks: 
102 Chapter 6 
(1) Motor Programming, i.e., the retrieval of an action pattern from a long-term 
motor memory. For example, when asked to draw a capital E, subjects 
activate a general sequence of drawing strokes, irrespective of their size and 
irrespective of the musculature which will be used in their realization. 
(2) Parameterization, i.e., a processing step by which the overall force level, 
tempo, and size of the task performance are regulated. 
(3) Muscular Initiation, i.e., the process of neurological recruitment and 
muscular initiation of the motor units that are appropriate for a task in a given 
biomechanical context. This last module is thought to be responsible for the 
remarkable constancy of motor acts in an ever-changing biophysical environ-
ment. 
The present experiment focused on typical key variables for motor programming, 
size parameterization, and muscular initiation processes, in such a manner that the 
selected task loads represented as exclusively as possible one of these specific 
components. The theory tested in this paper is based on the outcome of previous 
cross-sectional studies (Van Galen et al., 1993; Smits-Engelsman, Van Galen, & 
Portier, 1994a, 1994b) suggesting that poor handwriting is related to the 
peripheral, muscular initiation process, and that the most salient feature is poor 
noise management. The main goal of this study was to validate this theory using a 
longitudinal approach. Moreover, a specific hypothesis to be tested is that poor 
handwriting and poor neuromotor noise management are stable individual traits 
and are not signs of a developmental delay. 
Handwriting development and dysgraphia 
Earlier, cross-sectional research on the development of handwriting revealed 
certain significant developmental features. One of the findings was that in young 
children (8 years of age) the retrieval of the motor program was a critical task 
demand: The production of strings of varying letters was substantially slower and 
more dysfluent than simple repetitions of arcades and garlands. This difference 
disappeared in older children. As to size control, younger children had more 
difficulty in producing larger letter sizes, probably because of their failure to plan 
and execute larger line trajectories. However, it was found that poor and proficient 
writers also did not differ in developmental pace for these levels of processing. 
Finally, although poor writers made relatively more spatial errors, they had neither 
a particular difficulty with motor programming, nor with size control. 
This earlier work implies that poor handwriting is primarily a problem of poor 
spatial control and that poor handwriting and poor noise management are 
interrelated and stable traits. As a causal factor, failing to inhibit the natural 
degree of neuromotor noise within the motor system is the most likely candidate. 
Furthermore, in the cross-sectional studies the deficiencies did not appear to be an 
age-related developmental delay. At the individual level, however, no empirical 
evidence of the persistence of the trait is available so far. Therefore, to add further 
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evidence to the theory and to test it, a longitudinal design, the present follow-up 
study, was performed on a subset of the subjects featuring in the previous studies 
(Van Galen et al., 1993; Smits-Engelsman et al., 1994a). Basic features of the 
children's motor performance (e.g., the sensitivity to spatial constraints) were 
measured by means of the process loading task method, described above. In 
addition to such normal kinematic measures as movement time, dysfluencies, and 
spatial errors the degree of neuromotor noise was measured by means of Power 
Spectral Density Analysis. 
The particular research questions were: Does the sensitivity to spatial 
demands, measured by kinematic measures, and to the degree of noisiness in 
writing movements, as measured by PSDA of velocity profiles, change during a 
one year period in children between 7 and 12 years of age? Are these changes 
different for proficient and poor writers? 
It was hypothesized that in poor writers, the skill of minimizing the spatial 
variability of their writing movements to remain within acceptable limits would 
not increase in a one year period, whereas it would increase in good writers. 
Method 
Subjects 
Forty-eight pupils (ranging in age from 7.6-11.0, mean 9.1) from ten different 
elementary schools, spread over the Netherlands, were selected on the basis of 
their handwriting proficiency from a larger sample of 634 children (age ranging 
between 7.6 and 12.6 years) in Grades 2, 3, and 4. The children were rated for 
their handwriting achievements during the previous school year by their own 
teachers. In the conventional Dutch grading system, ratings can range from 1 to 
10, in which 1 stands for extremely poor, 6 for just sufficient, and 10 for excellent 
performance. Subjects with a rating score of 5 or lower for their average 
handwriting performance in school were assigned to the poor group (21,6%), 
whereas subjects who received a rating score of 7 or higher were assigned to the 
proficient group (20%). From the poor group (n=183), 24 children were selected 
to be included in this experiment. Within this group 8 children were in the second, 
8 in the third, and 8 in the fourth grade. These children were matched for sex, age, 
handedness, and grade with 24 children from the group of proficient writers. The 
average ages for the children in Grades 2, 3, and 4 were 8, 9, and 10, respectively. 
Inclusion and exclusion criteria for the study were that the children (ages 7-12) 
were capable of cursive writing, had no known neurological problems, and 
attended regular school classes. 
One year later, half the schools that had participated in the cross-sectional 
study (Smits-Engelsman et al., 1994a) were asked, on a random basis, to 
cooperate again, which they all did. This means that half the children (n=24) from 
the original sample of 48 children were invited to take part in the experiment one 
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year later. Four children, however, were no longer at the same school. Therefore, 
they, and their matched controls, did not participate in the second experiment. 
Thus, 8 matched pairs (n=16) remained. Due to technical problems some of the 
data of one child were unusable. 
As a measure of control, we checked to see if the sample of our longitudinal 
group (n=16) was representative of the cross-sectional research sample (n=48). To 
this end we performed a discriminant analysis on all the sets of data (selection 
criteria, experimental data, and psychomotor covariables) available for the 
children. No significant differences in these analyses were found between the two 
samples. It may thus be concluded that the second sample of writers in the 
longitudinal investigation represents a true sample of the children in the cross-
sectional part of the study. 
Tasks 
The writing tasks used in the experiment consisted of short strings of connected 
script of varying difficulty. To test a child's letter formation ability (allograph 
retrieval), the production of simple garlands and arcades was compared with the 
production of letter strings. This first task variable will be referred to as 'Allograph 
retrieval load'. In order to establish a baseline performance (Level 1), we used 
simple garlands and arcades which are similar to stroking patterns used in 'eee's' 
and 'mmm's', respectively. This task condition was used because it was assumed to 
put the smallest load on the motor program retrieval. In addition to this control 
condition, a task condition was used which was assumed to place a heavier load 
on the motor program retrieval stage. For Level 2, changing letter patterns like in 
'eenn' or 'même' were chosen. Half the patterns in the tasks consisted of 
anticlockwise and half of clockwise patterns. 
Size control was measured by giving writing tasks of varying sizes. This 
second task variable was introduced to manipulate the process of 
parameterization. We varied the Size demand at two levels. All letter sequences 
had to be written either small (3 mm average height of the letters) or large (6 mm 
average height letters). The two levels of Size control were indicated through the 
lineation on the writing forms. 
The third variable was associated with writing Accuracy, which is assumed to 
load on the muscular initiation stage. For the production of accurate script, a 
delicate tuning of hand and finger musculature and the capability to adjust to the 
varying biophysical context are critical prerequisites. In order to vary the degree 
of accuracy, the concept of the target zone was developed which is defined as the 
range within which the vertical extremes of the letters are allowed. Consequently, 
the subject is not supposed to write on or between lines but to stay within an 
upper and lower zone. The width of this target zone was varied at two levels 
within each Size condition and was either 1/3 or 1/6 χ letter size. For an example 
of a sheet with writing tasks as they were performed by the subjects, see Figure 1. 
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J¿JUU¿-
/γγγτΎΥϊτί 
J2WWL 
/rvn/mATL 
/ПМЬПАГі 
/ÎVmAlAïL· 
8 
9 
10 
11 
12 
13 
14 
15 
Figure 1. An example of a sheet with writing tasks as they were performed by the 
subjects. 
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Procedure and apparatus 
The experiment was conducted at the pupils' schools. Each subject was tested 
individually. Subjects who were tested twice received no treatment or special 
training for their writing problems between the two measurements. Teachers were 
not told about a re-assessment until two weeks before retest. Each pupil was given 
several practice trials in order to become acquainted with the experimental setting. 
The writing experiment took about 30 minutes for each pupil. Each trial began 
with the presentation of a stimulus on the computer monitor, which was placed at 
approximately 50 cm in front of the pupil. Each stimulus was presented for two 
seconds, followed by an auditory starting signal which marked the beginning of 
the registration time. During this registration time, the pupil was required to copy 
the stimulus in the following ten seconds. During the registration time the letter 
sequence remained on the screen. The end of the registration time was also 
indicated by an auditory signal. The pupil was instructed to write in such a way as 
to prevent over- or undershoots, there was no instruction about the speed to be 
used. 
The apparatus included a MS-DOS computer (80386 processor), a digitizer 
tablet (CALCOMP 2300), an AD/DA interface, and a special pen (Maarse, 
Janssen, & Dexel, 1988) with a built-in pressure sensing device. The X and Y 
coordinates of the pen, as well as the axial pen force exerted on the pen point (Z) 
were sampled with a frequency of 100 Hz and were spatially accurate in steps of 
0.2 mm. 
Design 
In the present study differences in developmental pace in poor (n=8) and 
proficient writers (n=8) (matched for age and grade) were analyzed by comparing 
the effects of task demands (within subjects) in a repeated measurement (one year 
later) design, on the following dependent variables: overshoots, undershoots, 
movement time, writing dysfluencies, stroke curvature, and the relative amount of 
noise in the velocity signals of the writing tasks (PSDA). Each pupil performed 
each of the writing tasks according to a randomized block design. 
Data analysis 
Writing trajectories were displayed for inspection and analyzed by means of an 
interactive computer program. Segment boundaries were determined by searching 
for those minima in the absolute velocity pattern of the recorded writing 
movement that coincided with consecutive up and down strokes. For the analysis 
of the dependent variables the first segment was excluded because of the large 
variability of the first upstroke. The remaining segments were used for further 
analysis. For all records the following variables were calculated and averaged over 
trials for each condition and subject: movement time, trajectory length, writing 
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dysfluencies, and stroke curvature. Furthermore, two spatial error measures were 
defined, namely the number of times the pupil made an overshoot (the outer limit 
of one of the target zones was crossed) or an undershoot (the inner limit of one of 
the target zones was not reached). 
The digitizer tablet recorded writing movements in two dimensions; horizontal 
(X-dimension) and vertical (Y-dimension). The data from the digitizer tablet were 
stored in the hard disk of the PC which controlled the experiment and, later on, 
transferred to a VAX computer system for further data analysis. For each child 
and for each replication of a writing task, separate data records were collected 
which contained the position of the pen tip over time for the X- and the Y-
dimension. Then, by a semi-automatic segmentation procedure, each recorded task 
word was segmented into consecutive up and down strokes. The computer 
algorithm that was used for this stage of the procedure searched for points of 
minimal absolute velocity, and the experimenter decided, based on visual 
inspection of the vertical position of the minima, whether these points were the 
beginning or end of an up or down stroke. After segmentation of the data records, 
for each individual stroke the X- and the Y-dimension were redefined by rotation 
of the coordinates such that the rotated X-dimension (which is now called X') 
represented the movement direction perpendicular to the overall orientation of that 
stroke, and the rotated Y-dimension (which is now called Y') was identical to the 
stroke's overall orientation. So, after segmentation and rotation, the X'-dimension 
is representative of corrective movements and the degree of curvature of a stroke, 
whereas the Y'-dimension is indicative of movement variation along the overall 
axis of movement. The energy related to the latter dimension usually is the 
biggest. 
In the further data analysis procedure for each recorded stroke the velocity 
profiles of movement in the X'- and the Y'-dimension, respectively, were used to 
derive Power Spectral Density Functions (PSDF), representing the noise contained 
in these profiles. To this end, first, and for each subject and task condition 
separately, an algorithm using fast Fourier transform was applied to derive PSDF's 
of the velocity profiles (ranging from 1 to 49 Hz and for the X'- and Y'-dimension 
separately). Then for each subject and task condition an average spectrum (again 
for the X'- and Y'-dimension separately) was calculated. In the next step of the 
analysis, from the original frequency spectrum of each recorded stroke the 
corresponding average spectrum was subtracted. The goal of this step of the 
procedure is to remove all energy from the frequency spectrum of a stroke that is 
related to the overall speed and spatial form of that stroke. It should be 
remembered that our theory was centered around the concept of neuromotor noise, 
and the present procedure was used to arrive at a best estimate of the noisiness of 
writing movements in different task conditions and subjects. The remaining 
spectrum is a deviation spectrum which is representative of the noise components 
of each individual movement. For the calculation of these deviation or noise 
spectra we used from each recorded writing stroke only the middle 70 % of the 
data points guaranteeing that the resulting PSDP would not be contaminated by 
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Results 
Kinematic analysis 
Proficiency 
Significant main effects of proficiency were found for trajectory length 
(F(l,12)=35.18, p<.001), stroke curvature (F(l,12)=4.84, p<.05), overshoots 
(F(l,ll)=3.33, p<.05), and undershoots (F(l,14)=6.79, p<.05) but not for 
movement time (F(l,12)=2.02, p=.16) or writing dysfluencies (F(l,12)=0.26, 
p=.61) (Figure 2 to 6). Poor writers made four times as many overshoots and five 
times as many undershoots as good writers. Good writers used more curved letter 
strokes (Figure 2), wrote letters about 10% smaller, and made fewer spatial errors 
(Figure 3 and 4); however, they did this with the same amount of dysfluencies 
(Figure 5) and within about the same movement time (Figure 6) as poor writers. 
Development 
The longitudinal comparison revealed significant effects of Development on 
movement time (F(l,13)=70.01, p<.001), dysfluencies (F(l,13)=318.87, pcOOl), 
stroke curvature (F(l,13)=4.48, p<.05), and overshoots (F(l,14)=4.73, rx.05). 
Movement time decreased about 20% over the one year time period (510 ms 
versus 400 ms per stroke), while the length of the movement trajectories remained 
constant (F(l,12)=0.07, p=.79). The number of dysfluencies in each movement 
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trajectory decreased substantially (50%), and stroke curvature increased. The 
number of overshoots per letter sequence decreased by 10 %. Together, these data 
showed that after a one year period writing movements were faster, letter forms 
were more rounded, and, on average, vertical strokes ended less often beyond the 
target zones. 
Interactions between Proficiency and Development 
As mentioned above, movement time decreased between the first and second 
measurement. However, an interaction between Proficiency and Development was 
found (F(3,12)=4.17, p<.05). The means indicated that good writers improved 
their writing speed more than poor writers (Figure 6). It further appeared that 
changes over time for the length of the movement trajectories were different for 
good and poor writers (F(2,l 1)=4.46, p<.05). Trajectory length increased for good 
writers and decreased for poor writers (Figure 2). The opposite direction in the 
development of writing size between good and poor writers may explain why the 
main effect of Development was not significant. As a result of this developmental 
trend, differences in trajectory length per segment between good and poor writers 
diminished from 0.09 to 0.05 cm one year later. 
Interactions between Proficiency and Task demands 
The analyses revealed no significant interactions (p<.05) between the levels of 
proficiency and Allograph Retrieval, Size and Accuracy with respect to the 
kinematic variables. 
Interactions between Proficiency. Task demands, and Development 
However, significant second order interactions were found between Proficiency, 
Task demands, and Development. The results showed differences in 
developmental pace between the poor and the proficient writers for the effects of 
Size variation. One year later, poor writers made more overshoots in the larger 
letter condition (F(2,13)=4.13, p<.05) (Figure 3) and more undershoots 
(F(2,13)=5.08, p<.05) (Figure 4) in the small letter condition. In contrast, good 
writers showed a more consistent writing performance. Also the number of 
dysfluencies (F(2,13)=3.87, p=.05) (Figure 5) and movement time (F(2,13)=4.17, 
p<.05) (Figure 6) revealed significant differences in development between good 
and poor writers in the different Size conditions. By examining the means it can 
be seen that, one year later, the large difference between the number of 
dysfluencies in the large and the small Size condition no longer exists and that this 
effect is more pronounced in poor writers. The decrease in movement time is 
greater for good writers than for poor writers. Especially in the small Size 
condition, poor writers showed little progress. 
The analyses revealed no further significant second order interactions between 
Proficiency, Development and Allograph Retrieval, and Accuracy with respect to 
the kinematic variables. 
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Figure 2 Average trajectory length (upper panel) and average letter stroke curvature 
(lower panel) for writing tasks written by proficient and poor writers at the 
first and second measurement, respectively 
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Noise Spectra 
Absolute Power Spectra 
Proficiency 
The ANOVA's on the absolute power scores revealed strong effects for the factor 
Proficiency 
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Figure 6 Average movement time for writing tasks written by proficient and poor 
writers at the first and second measurement, respectively 
The PSDF's of the poor writers showed that twice as much noise was present in 
their movement velocity profiles as in those of the proficient writers (Figure 7) 
and this applied to the first as well as the second measurement A primary 
conclusion might be that writing movements of poor writers are characterized by 
higher absolute noise levels This especially is true for the 5 5 and the 8 Hz bands 
which probably are representative of neuromotor tremor It should be remembered 
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that there are several alternative explanations for the higher energy in the absolute 
power spectrum, such as differences in speed and distance. Therefore, the 
evidence for a higher proportion of tremors and other sources of noise has to be 
corroborated by analysis of the relative power profiles (See below). 
Development 
The PSDFs of the absolute power scores for the second measurement exhibited 
significantly higher power scores than for the first measurement. This 
phenomenon must be interpreted as due to the physical effect of the significant 
increase in movement velocity over time. The effects of Proficiency and 
Development on the absolute PSDF of the velocity profiles in the Y'-direction are 
depicted in the upper and lower panel of Figure 7. As explained above, the 
velocity profiles for the Y'-direction of writing strokes corresponds to the overall 
orientation of the stroke. 
Effects in the X'-direction were comparable to those in the Y'-direction, though 
less pronounced. 
The latter, of course, is to be expected because the larger proportion of the energy 
contained in the absolute PSDFs is related to propulsion of the pen along the 
overall direction of a stroke. 
Interactions between Proficiency and Development 
A significant interaction between Proficiency and Development for the 5.5 Hz 
frequency band was found (F(l,13)=7.61, p<.01). In proficient writers, 
Development did not affect the form of the spectra over a one year period, 
whereas for poor writers, the PSDA-technique revealed a significant increase in 
the 5.5 Hz peak. From this finding, it may be concluded that the greater proportion 
of energy in the range of the spectrum that is most likely to be an expression of 
neuromotor tremor, is even increased in the group of poor writers after a one year 
period. 
Relative Power Spectra 
The results of the ANOVA's on the relative power scores have been depicted in 
Figure 8 (Y'-direction only). Main effects were found for Proficiency and 
Development for the X'- as well as the Y'-direction. In the lowest band (midpoint 
2.5 Hz), good writers had relatively more power (Figure 8) than the poor group. 
The effect may be an expression of the greater role of corrective movements in 
good writers. Voluntary movements are known to require intermittent feedback 
for accuracy, and tracking visual targets can result in rapid positional corrections 
up to 3 to 4 Hz (Maill, Weir, Wolpert, & Stein, 1993). However, in the higher 5.5 
and 8.5 Hz band, this pattern was reversed: Poor writers were characterized by 
higher power in these bands. The origin of the peaking of power in this region of 
the spectrum is attributed to neuromotor tremor and recruitment noise (Van Galen 
et al., 1990). 
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Figure 7 Power Spectral Density Functions (absolute power) for the velocity profiles 
of writing strokes of poor and proficient writers at the first (upper panel) and 
second measurement (lower panel), respectively 
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Dysgraphia in children: Lasting psychomotor deficiency or... Ц7 
Figure 9 is added to allow a comparison of the form of the relative spectra over a 
one year period for proficient and poor writers, respectively. Whereas proficient 
writers (Figure 9, upper panel) develop consistently to a noise profile in which the 
lower frequencies take over from the higher, it is to be observed that in poor 
writers (Figure 9, lower panel) a reversed evolution takes place. In the latter group 
the lowest frequency decreases, and the cost of an increase in ranges related to 
tremor and to recruitment noise. 
Conclusions 
The results from this longitudinal study are consistent with the results of earlier 
cross-sectional studies (Van Galen et al., 1993; Smits-Engelsman et al., 1994a). 
The findings support the view that poor psychomotor skill is not an artifact of a 
cross-sectional comparison but that it persists in individual subjects over time. At 
a one-year follow-up, the good as well as the poor writing children had higher 
movement velocities and showed more ballistic movement trajectories. Analogous 
data were obtained in Mojet's study (1991), in which speed increased linearly 
from 50 to 110 characters per minute from eight years of age through twelve years 
of age. Poor handwriting, however, persisted over time regardless of a normally 
developing production rate. These quantitative data are supported by qualitative 
findings by Hamstra-Bletz and Blöte (1993). However, without extra help 
dysgraphic children appear not to be capable of producing a good quality script 
and fail to make sufficient progress in the acquisition of handwriting in a one year 
period. 
The present study focused specifically on identifying the type of failure of the 
psychomotor system that could inhibit the poor writer's ability to keep the natural 
irregularity of the writing trace within acceptable limits of readability and good 
appearance. We conclude that poor writing is not primarily related to a failure of 
the motor programming process or of overall letter size production. Instead, poor 
writers fail to obey spatial constraints, and their handwriting lacks consistency. 
Dysgraphic children showed more variability in size, resulting in spatial 
inaccuracy of the writing product. Letter sizes were more inconsistent: Half their 
letters were too large in the large letter condition, and nearly one out of four 
letters was too small in the small letter condition. Furthermore, poor writers show 
less curvature in their strokes. 
Not only does this study show that poor writers do not catch up with their age 
mates, it even reveals an increase in the sensitivity to accuracy demands. Thus, 
our hypothesis that dysgraphia is a condition of lasting psychomotor deficiency 
and a stable individual trait, is supported. It can be concluded that the failure to 
control spatial accuracy is the most salient discriminative feature between poor 
and good writers. It can also be concluded that Noise Spectra are sensitive 
measures of the differences in motor proficiency. The alternative hypothesis that 
dysgraphia is a transient developmental delay and that children may grow out of 
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it, is to be rejected. 
From a process-oriented point of view, poor writers are characterized by a 
poor muscular initiation process. This implies that poor writers suffer either from 
an overall inherently noisy neuromotor system per se, or from a dysfunction in 
controlling the inherently noisy neuromotor system. In the later case, the spatial 
inaccuracy may be the result of their less optimal strategies to manage neuromotor 
noise. Or stated differently, inadequate biomechanical adaptation to minimize 
spatial variability may be the cause of poor handwriting. Notwithstanding, a 
normally developing production rate, this less effective management of natural 
neuromotor noise becomes even more evident in poor writers during a one year 
later measurement. Further research is needed to disentangle these alternatives. 
If we consider the options that dysgraphic children have to increase the 
efficiency of noise inhibition, it is obvious that they do not choose to slow a 
movement pace. Although not tested in this study, it is also unlikely they use 
increased friction to reduce spatial inaccuracy. A likely option is that poor writers 
may not be capable of distal movements, but instead use the wrist or even the 
elbow as pivot of action. By doing so, larger motor units are recruited so that less 
finely graded movements occur. At the behavioral level, this neuromotor control 
dysfunction may explain the inconsistent, crude, and dysmetric appearance of the 
dysgraphic performance in poor writers (Wann & Kardirkamanathan, 1991). 
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Abstract 
In this article the working hypothesis is been explored that Developmental 
Coordination Disorder (DCD) is perhaps a less homogenous phenomenon than 
suggested by the fairly monolithical definition in DSM-Г . Different studies in 
the literature on groups of children with DCD and DCD-like symptoms, which 
were characterized by a different pattern of psychomotor and associated 
deficiencies, are reviewed. In this paper a study is reported using a so-called 
process-oriented account of the diversity of motor behavior problems in DCD. 
A special method was used to find out which of the basic psychomotor 
processes were deficient in a group of children. The analysis of possible 
underlying mechanisms indicates that the group DCD children in this study 
showed a low performance on fine motor coordination and inadequate 
development of writing skills. It was also showed that they were most typically 
characterized by high degree of neuromotor noise, spatial inconsistencies, 
synkinaetic movements, and a decreased capability to adapt to accuracy 
demands. In terms of the psychomotor model, their deficit was caused by a 
poor muscular initiation stage. A term proposed for this condition is 'dystaxic 
DCD'. The literature reveals that different types of DCD exist. Apart from the 
dystaxic variant there is also evidence for a dyspraxic variant. 
Introduction 
The new, general heading of 'Disorders Usually First Diagnosed in Infancy, 
Childhood, or Adolescence', as defined by the American Psychiatric Association's 
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV, 1994) refers to a 
variety of disorders emerging during early and later childhood. Among these is 
Developmental Coordination Disorder (DCD). DCD was a newly introduced 
diagnostic disorder in the DSM-IIR version (1987), and at that time it was placed 
within the subclass of 'Specific Developmental Disorders'. The subclass of 
Specific Developmental Disorders included three categories, which were 
characterized by, respectively, inadequate development of specific academic 
skills, language and speech skills, and motor skills (see Table 1). 
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Table 1 Comparison of the position of Developmental Coordination Disorder on axis 
II ofDSM-IUR (1992) and on axis I ofDSM-IV (1994). 
DSM-inR(1992) 
Categorization of the Special Developmental 
Disorders as part of the section 
Developmental Disorders 
DSM-IV (1994) New categorization of the 
Developmental Disorders as part of the 
section Disorders Usually First Diagnosed 
in Infancy, Childhood, or Adolescence 
Specific Developmental Disorders 
Academic skills disorders 
Developmental Arithmetic Disorder 
Developmental Expressive Writing 
Disorder 
Developmental Reading Disorder 
Language and Speech Disorders 
Developmental Articulation Disorder 
Developmental Expressive Language 
Disorder 
Developmental Réceptive Language 
Disorder 
Motor Skills Disorder 
Developmental Coordination Disorder 
Learning Disorders 
Reading Disorders 
Mathematics Disorder 
Disorder of Written Expression 
Learning Disorder not otherwise 
specified 
Motor Skills Disorder 
Developmental Coordination Disorder 
Communication Disorders 
Expressive Language Disorder 
Mixed Receptive-Expressive Language 
Disorder 
Phonological Disorder 
Stuttering 
Communication Disorders not otherwise 
specified 
In the 1994 version of DSM-Г , the subclass of Specific Developmental 
Disorders, as a separate entity, no longer exists. In the most recent scheme the 
Developmental Disorders are part of the section Disorders Usually First 
Diagnosed in Infancy, Childhood, or Adolescence and are divided into three new 
groups: Learning Disorders, Motor Skill Disorder, and Communication Disorders 
(see Table 1). The criteria for the three new groups follow the same pattern as the 
former subclass of Specific Developmental Disorders. The essential features that 
characterized this group of disorders are: An achievement that is substantially 
below that expected given a person's chronological age, measured intelligence, 
and age-appropriate education; the disturbance interferes with academic 
achievement or activities of daily living. Excluded from this group are disorders 
explicable in terms of neurological or sensory deficits. 
Developmental Coordination Disorder is characterized by a predominance of 
disturbances in the acquisition of motor skills (e.g., clumsiness, poor performance 
in sports, or poor handwriting). DCD symptoms are presented quite frequently in 
clinical practice. Non-optimal motor behavior is a disorder that affects 5 to 10 
percent of all children (Gillberg, Gillberg, & Groth, 1989). Motor problems in 
DCD generally do not have a common and singular etiology. On the contrary, the 
symptoms may be caused by a variety problems in cognitive and psychomotor 
functioning. 
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Although the clinical features seen in Learning and Motor Skill Disorders may 
represent functional levels which are normal for younger children, there is neither 
an implication that children with these disorders will catch up, nor that the 
underlying cause is a maturational lag. Most cases within this group of disorders 
tend to be chronic (DSM-IIIR, 1992; Hadders-Algra, Huisjes, & Touwen, 1988; 
Gillberg & Gillberg, 1989). The fact that the condition persists, however, does not 
imply that age-specific symptoms may not change over time, nor that the kind of 
problems experienced by the children in activities of daily life remain the same. 
This was shown in a study by Gillberg and Gillberg (1983) on the prognostic 
aspects of Minor Neurological Dysfunction (MND). The label MND reflects a 
syndrome which is closely related to DCD. A strictly operational diagnosis of the 
MND syndrome at seven years of age, appeared to be predictive of a very high 
percentage of behavioral problems three years later. In another study, Gillberg and 
Gillberg found that 76 % of 10-year-old, Minimal Brain Dysfunction (MBD) 
diagnosed children (a diagnosis which is also closely related to DCD) had school 
achievement problems and that 80 % had behavioral problems. These percentages 
changed over the years, suggesting that there is no consistent picture of the 
developmental problems in children with MND, MBD, and related symptoms. 
Weis, Minde, Werry, Douglas, & Nemeth (1971) and Weis, Hechtman, Perlman, 
Hopkins, & Wener (1979) found poor academic functioning to be the feature 
which most clearly characterizes hyperactive children, since that feature was 
present in 80% of the children with that diagnosis. Apparently, diagnoses from the 
group of Developmental Disorders (involving motor or attentional components, or 
both) often predict behavioral as well as school achievement problems in later 
years. 
Characteristics of Developmental Coordination Disorder 
Although the label DCD is fairly recent (1987), the clinical presentation of similar 
syndromes in children has a long history (Strauss & Werner, 1943). This is 
exemplified by the long list of terms used to characterize this group of children 
(see Table 2, adapted from Njiikoktjien, 1987; Kolb & Whishaw, 1990). 
Many of the labels in Table 2 stress one specific feature of the 
symptomatology or one specific problem caused by it. However, these terms are 
by no means exclusive. MBD, for instance, is regarded by many authors as being 
almost synonymous with learning disorders (Wender, 1971). Kelly and Aylward 
(1992) reported attentional problems in 10-40% of children with learning 
disabilities. Three of the first four characteristics of learning disability identified 
by the U.S. Department of Health, Education, and Welfare involve motor 
problems: (1) hyperactivity, (2) perceptual motor impairments, and (3) general 
coordination deficits. The definition of a clumsy child whose ability to perform 
skilled movement is impaired despite normal intelligence and normal findings in a 
conventional neurological examination (Gubbay, 1975), is almost identical to that 
of the new DCD category. 
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Abbreviation Full Name 
DCD 
MBD 
MND 
MCD 
MMD 
MCP 
ADHD 
PMD 
DPD 
SMD 
DAMP 
ADD 
DD 
LD 
Developmental Coordination Disorder 
Minimal Brain Dysfunction (Damage) 
Minor Neurological Dysfunction (Disorder) 
Mild Cerebral Damage 
Minor Motor Dysfunction 
Minor Cerebral Palsy 
Attention Deficit Hyperactivity Disorder 
Perceptual Motor Disorder 
Developmental Perceptual Disorder 
Sensory Motor Disorder 
Deficits in Attent)onal Motor control and Perception 
Attention Deficit Disorder 
Developmental Dyspraxia 
Learning Disability 
Clumsiness 
Problems in diagnosing DCD 
A complication for the consistent use of the DCD diagnosis is that children who 
meet the criteria of DCD often manifest a variety of motor problems, e.g., 
problems in general motor proficiency or problems in specific academic motor 
skills like writing and drawing (Table 3). Also the DCD symptoms may appear 
singly or in combination, and they may show overlap with other disorders. Van 
Leeuwen and Slot (1991) reported that 30 % of the children who were referred for 
paediatric psychiatric assessment were found to be clumsy, i.e., had performance 
levels on a test of motor proficiency that were more than two standard deviations 
below the average. 
Because many symptoms of DCD are relatively non-specific, it is essential for 
differential diagnoses to define significant features that characterize the disorder 
in more specific terms. One approach is to look for the functional deficits which 
underlie the disturbed (motor) behavior. In this paper, however, an attempt is 
made to use a so-called process-oriented account of the diversity of motor 
behavior problems in DCD. To meet this goal, a theory-based framework for the 
diagnosis of motor coordination development and deficiencies is proposed. The 
design of the assessment is guided by scientific knowledge of motor control and 
the mechanisms which underlie goal directed behavior and writing skills. A 
special method is used to find out which of the basic psychomotor processes are 
deficient in a group of DCD children. 
In the next paragraphs we will briefly dwell on current theoretical suggestions, 
as found in the literature, to understand DCD, and we will expand a little on the 
literature concerning the process-oriented approach. 
Developmental Coordination Disorder: Evidence for... 125 
Table 3. Diagnostic criteria for Developmental Coordination Disorder 
(DSM-IV, 1994, pp. 54-55). 
A. Performance in daily activities that require motor coordination is substantially below that 
expected given the person's chronological age and measured intelligence. This may be 
manifested by marked delays in achieving motor milestones (e.g., walking, crawling, sitting) 
dropping things, 'clumsiness', poor performance in sports, or poor handwriting. 
B. The disturbance in criterion A significantly interferes with academic or activities of daily 
living. 
C. The disturbance is not due to a general medical condition (e.g., cerebral palsy, hemiplegia, or 
muscular dystrophy) and does not meet criteria for a Pervasive Developmental Disorder. 
D. If Mental Retardation is present, the motor difficulties are in excess of those usually associated 
with it. 
Subsequently, we will summarize three of our recent studies on possible 
underlying mechanisms in DCD deficits (Smits-Engelsman, Van Galen, Michels, 
& Portier, 1993; Smits-Engelsman, Van Galen, & Portier, 1994a). Finally, we will 
report a new study, starting with an outline of the methodology used, followed by 
the results and their discussion. 
Understanding DCD: Suggestions from the literature 
It is interesting to see how different authors have tried to relate DCD to 
underlying psychomotor processes. Walton, Ellis, and Court (1962) stated that 
clumsy children mainly have problems with the control of force, amplitude, and 
tempo of movement. Hoare (1987), on the other hand, stressed the coordination 
problem in a study on the performance of the standing long jump. The poorly 
coordinated group performed relatively inconsistently, with a greater difference 
between their best and their worst performance. In comparison with their well-
coordinated peers, the poorly coordinated boys had limited movement range at the 
hip, knee, and ankle during propulsion which was accompanied by less extension 
of the knee, hip, and ankle (Hoare, 1987). The jumping patterns, however, of 
poorly coordinated children could not be described as a less mature pattern 
(Larkin & Hoare, 1992). Williams (1983) reported less reduction in average EMG 
amplitude than normally observed with increasing age and decreased co-
contraction in the EMG patterns of the slowly developing group. Marchiori, Wall, 
and Bedingfield (1987) showed that the inconsistency of clumsy children in 
making a hockey shot did not disappear after 1200 practice trials during 6 weeks 
of training. The children still showed a discontinuous stick movement. It was 
concluded that skill achievement in clumsy children is more isolated, and that the 
ability to perform does not generalize (transfer) across tasks and contexts. 
Ahonen (1990) suggested that there were at least three subtypes of DCD in his 
sample. For the first subgroup (n=6), overall weak performance was typical, 
suggesting that these children suffered from a general developmental delay. The 
second group (n=30) displayed gross motor difficulties and, therefore, could be 
considered to have the most specific problems with motor clumsiness. The third 
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Towards a process-oriented diagnosis ofDCD 
Overall, a growing body of evidence testifies to the heterogeneity of the DCD 
population or to subtypes of the disorder (Hoare & Larkin, 1989; Ahonen, 1990; 
Larkin & Hoare, 1992; Hoare, 1994). At the same time, few studies have pursued 
a systematic differentiation from a consistent psychomotor viewpoint. In the 
present article we attempt to bridge the gap between clinical practice and 
psychomotor theory by using a theory-based framework for a diagnosis in term of 
the locus of the deficit in DCD. The information presented in the subsequent 
section is a summary of our own research on poor handwriting and related 
symptoms (Smits-Engelsman et al., 1993, 1994a, 1994b; Van Galen et al., 1993). 
Fundamental to these studies is the idea that a well articulated theory of 
psychomotor functioning is necessary to understand motor deficiencies. In the 
field of motor behavior, considerable progress has been made in differentiating 
between the component processes which contribute to overt motor performance. 
Van Galen (1991) summarized neuropsychological as well as experimental 
evidence for the following three component stages as being implied in the 
performance of motor tasks: 
(1) Motor Programming, the retrieval of an action pattern from a long-term 
motor memory. For example, when asked to write a capital letter E, subjects 
activate a general sequence of drawing strokes, irrespective of their size and 
irrespective of the musculature which will be used in their realization. 
(2) Parameterization, a processing step by which the overall force level and 
tempo of the task performance is regulated. 
(3) Muscular Initiation, the process of neurological recruitment and muscular 
initiation of the motor units which are appropriate for a task in a given 
biomechanical context. The latter process is thought to be responsible for the 
striking constancy of motor acts in an ever changing biophysical 
environment. 
Process-oriented research: Suggestions from the literature 
Several authors have tried to collect evidence for the usefulness of subsequent 
processing stages as clinically relevant for diagnostic dimensions. For example, 
Margolin and Wing (1983) demonstrated the involvement of parameterization 
problems in Parkinsons' Disease whereas Cerebral Vascular Accident patients 
were shown to be especially prone to programming deficiencies. 
Schoemaker (1992) used a comparable theoretical and methodological 
approach in an effect evaluation of physical therapy in DCD children. The 
children participating in the study were assigned to the experimental group on the 
basis of their poor general motor proficiency. Subjects were selected if they 
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performed below the 5th percentile on a Psychomotor Assessment protocol (Test 
of Motor Impairment, Stott, Moyes, & Henderson, 1984). This indicates a serious 
impairment of motor functioning. Experimental subjects were matched to controls 
for age and gender. Scores of DCD children were significantly poorer than their 
controls in all visuomotor tasks, in ball catching and throwing, as well as in all 
static and dynamic balance tasks (hopping and jumping). The authors varied the 
complexity in drawing tasks and measured spatial accuracy. DCD children did not 
differ in RT when compared to controls. Both groups needed the same amount of 
time to prepare the start of a drawing. The DCD children, in that study, however, 
drew more slowly and this effect became greater as figure complexity increased. 
In the more complex tasks, the DCD children showed less fluent graphomotor 
trajectories with more velocity peaks per segment. Although DCD children 
showed a higher incidence of spatial undershoots and overshoots (twice as many), 
no differential speed-accuracy trade off was found. Both groups showed 
approximately the same increase in errors under accuracy and time-pressure 
conditions. In addition to the greater number of dysfluencies, the movement 
patterns of the DCD children were characterized by longer pause durations. This 
led to movement trajectories with a large number of small intra-movement steps. 
Schoemaker assumed that during these pauses, additional programming took place 
(Hay, Bard, Fleury, & Teasdale, 1991). The author concluded that DCD children 
in her study use a different movement strategy than other children. They seem to 
have fewer possibilities to prepare an oncoming drawing task to its full extent and 
in enough detail to carry out a fluent execution. As a result, they prepare the tasks 
only globally during the reaction time interval and postpone further programming 
until the execution phase proper. It is this serial processing strategy which disrupts 
fluent movement execution. Results showed that figure complexity was the load 
which contributed most distinctly to the observed group differences. 
Kooistra (1991, 1994) recently reported a study on children with symptoms 
comparable to those in DCD, but of known aetiology. In that study, children 
suffered from congenital hypothyroidism (CH), an endocrine disorder, and had 
significant problems in the motor domain which resemble DCD symptoms. The 
children showed a range of motor problems in timing and coordination, 
particularly in the fine motor domain. The same theoretical paradigm and 
experimental tasks were used as in the Schoemaker study. Two groups of CH 
children (a more severe, low T4 group and a less severe, medium T4 group) as 
well as a control group took part in the investigation. Results indicate that the low 
T4 group was characterized by long reaction times (RT), high movement velocity, 
large movement trajectories (overall force), and spatially more variable 
movements with a high level of fluency. The author suggests that the longer RT 
might reflect a programming problem. However, the prolonged reaction times 
seemed not to be aggravated by the more complex figure conditions. On the 
contrary, it appeared that low T4 children were less hampered by increased 
complexity. At the same time, there was evidence that the experimental group 
experienced difficulties in controlling the movement during execution, especially 
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under accuracy instructions. These results show that the locus of deficit in this 
syndrome is most likely related to parameterization and possibly also muscle 
initiation. 
Process-oriented research: Summary of our recent work 
In the present section, three of our own recent studies using a process-oriented 
approach will be summarized (Smits-Engelsman et al., 1993, 1994a, 1994b; Van 
Galen et al., 1993). The results of these studies will be briefly reviewed first in 
order to substantiate a hypothesis of a dystaxic variant of DCD. Then, original 
data from extensive motometric (quantitative) and motoscopic (qualitative) 
measurements in the same population as in the previous experimental studies will 
be reported. We do this to provide evidence for the idea that motor problems in 
the current group are typically the result of a faulty muscular initiation process. In 
this particular group of children, the latter, most peripheral subsystem of the 
psychomotor system can be characterized as being noisy and crude in making fine 
adaptations to the spatial demands in motor tasks. 
In a nation-wide investigation, psychomotor and other psychological 
characteristics were collected of a representative sample (n=746) of Dutch 
children between the ages of 7 and 10. At the behavioral level, the common 
feature of the particular group of children under study was that they failed to make 
sufficient progress in fine motor tasks at school, in particular in handwriting. 
These handwriting problems were typically of a motor nature and were not caused 
by insufficient spelling or other psycholinguistic skills. Smits-Engelsman, Van 
Galen, and Portier (1994a) selected from this larger sample (n=746), two matched 
groups of poor (n=24) and proficient writers (n=24), who participated in a 
handwriting experiment in which spatial and kinematic features of handwriting 
performance were measured. The experimental paradigm was typical, process-
related, and task variables were manipulated to test whether poor writing subjects 
had special difficulty with any of these task variables. The specific task demands 
manipulated letter repetition versus alternation (variable 1), small versus large 
letter size (variable 2), required spatial accuracy (variable 3), and an attentional 
task variable which asked the subjects to translate a number code into the letters 
of a word which was then written (variable 4). The aim of the study was to relate 
writing problems to the following psychomotor processing stages: motor 
programming (1), parameterization (2), and muscular initiation (3). The results 
indicated that poor writers contrasted most clearly and selectively with the better 
performers in that they failed to accommodate for the spatial accuracy constraints 
of experimental tasks (variable 3). The poor writers evidenced neither any specific 
problems in letter form retrieval (variable 1) nor in size control (variable 2). Also, 
there were no signs that they had less attentional control of their task performance 
(variable 4). The results supported the view that the group of subjects which were 
characterized by poor writing performance had problems that are localized in 
muscular initiation processes. Movements of the less proficient children were 
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cruder (more spatial errors), were produced with higher movement velocities, and 
were particularly sensitive to increased spatial accuracy demands (key variable 3). 
In a parallel study, Van Galen et al. (1993) applied anew measure to estimate 
the noisiness of a child's movements. This new method was developed to gain 
insight into the process of controlling the accuracy of movements (Van Galen & 
Schomaker, 1992). A basic assumption of the method is that one of the causes of 
spatial inaccuracy lies in the inherent variability of the motor output system. This 
so-called neuromotor noise is considered to be a dynamic influence on the spatial 
end point variability of movement. The essence of the method therefore, lies in the 
application of Power Spectral Density Analysis (PSDA) to estimate the relative 
contribution of noise to the total energy which is present in a recorded movement 
signal. PSDA of the velocity profile of comparable handwriting tasks was used to 
estimate the degree of neuromotor noise in movement profiles of poor and 
proficient writers. The technique revealed that handwriting movements of poor 
writers were substantially more noisy than those of proficient writers, with a 
consistent peaking of the noise energy in that region of the spectrum which is 
representative for neuromotor tremor. Also, poorly writing subjects were less 
successful in adapting the level of noise to the variable accuracy demands of the 
tasks. 
In a longitudinal study on the persistence of deficiencies of fine motor skills, 
Smits Engelsman et al. (1994b) analyzed task proficiency in eight poor and eight 
proficient writers (matched for age and grade) from the group in the previous 
study, after an interval of one year. Significant interactions between proficiency 
level (poor versus good writers) and development were found for spatial features 
only (overshoots and undershoots). The results showed differences between the 
poor and the good writers in developmental pace for the effects of size variation. 
One year later, poor writers made relatively more overshoots in the larger letter 
condition and more undershoots in the small letter condition. In contrast, good 
writers showed a fairly consistent improvement of writing performance. The poor 
writers did not catch up, nor did they improve much in the one year period. 
Therefore, the alternative hypothesis that poor handwriting is caused by a 
maturational lag was rejected. 
On the basis of these results, it is concluded that poor handwriting in this 
group of subjects is not caused by a developmental delay but that their condition 
implies a particular, specific combination of symptoms. In performance terms, the 
most typical feature of poor handwriting in these subjects is the failure to control 
spatial accuracy demands. As to the underlying theoretical explanation, two 
related hypotheses seem to be relevant. One is that poorly writing children are 
characterized by a deficient muscular initiation process. The other aspect implies 
that these subjects, probably because of their failing muscular initiation, are less 
effective in the management of the natural neuromotor noise in their movement 
systems. At the behavioral level, this deficit might explain the inconsistent and 
dystaxic appearance of their writing and drawing performance. These findings 
thus suggest that the group under investigation is characterized by a predominance 
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of dystaxic problems: too rapid movements, too many spatial errors, too little 
adaptation to increased accuracy demands, too much neuromotor noise. 
Perhaps a word of caution is in place as to the exclusiveness of the proposed 
approach. The core of the method is to attribute motor deficiencies to the 
dysfunction of the component processes of the motor system. However, 
alternative explanations may be useful as well. One such an alternative is that the 
deficiency is the result of a failing movement strategy. Another potential 
explanation is exemplified by the work on the relation between attentional 
processes and poor motor performance (Schellekens, 1990). 
DCD subtypes: A validation study 
The main goal of the present study is to validate the outcome of the earlier studies 
using a broad examination protocol in addition to the experimental tests (Table 4). 
First, in order to differentiate primary DCD from normal age related variations, a 
general Psychomotor Assessment protocol is used. Further examination of 
individual items may contribute to a motor (dys)function profile by which the 
examiner can decide whether the findings of the experimental approach are 
supported by motometric and motoscopic data. These potentially relevant data 
were obtained through a motoscopic examination of fundamental (gross) and 
manipulative (fine) movement patterns by means of standardized observation lists. 
This kind of examination supplies the examiner with more details about 
movement strategies, maturation, and noisiness of the motor system (overflow, 
dyskinesia, and associative movements) (Lazarus & Todor, 1987; Knaap et al., 
1991). More general inventories are included as well. Validated questionnaires for 
teachers and parents on motor performance, classroom behavior, school 
achievement, learning difficulties, and behavior at home as well as self reports to 
assess personality traits like fear of failure, depression, and personal attributions, 
were utilized. 
In the present study the following questions are posed: (1) Do the children in 
this study meet the diagnostic criteria described in DSM-IV (1994)? (2) Is it 
possible to attribute the results of the administered psychomotor assessment and 
the deficiencies observed in the computer-recorded handwriting movements to the 
same underlying component processes? (3) Is it possible to differentiate between 
subtypes within the DCD population oh the basis of a deficit in one of the 
supposed psychomotor component processes? 
To find an answer to these questions, a specific strategy was followed. 
According to this strategy it was investigated whether compared to their matched 
controls, these children were more sensitive to the detrimental effects of selected 
task loads, each of which represents one of the three component processes (motor 
programming, parameterization, and muscular initiation) of the psychomotor 
model. 
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Table 4. Assessment protocol used in the present study. 
1. Psychomotor assessment 
1.1. Motometric examination 
1.1.1. General motor proficiency tests 
1.1.2. Fine motor proficiency tests 
1.2. Motoscopic examination 
1.2.1. Fundamental motor patterns 
1.2.2. Manipulative movement patterns 
2. Questionnaires and reports on associated problems 
2.1. Motor behavior 
2.2. Classroom behavior 
2.3. School achievement, learning problems 
2.4. Behavior at home 
3. Self reports on personality traits 
3.1. Fear of failure, depression 
3.2. Attributions 
Thus, if DCD children should exhibit a particular and exclusive sensitivity to task 
demands which ask for overall size adaptation one could conclude that an 
impaired parameterization stage is responsible for their deficit. If, in contrast, the 
greater problems are found with motor tasks that demand a precise adaptation to 
local, spatial constraints, the origin of the deficit can be associated with the 
muscular initiation process. 
Subjects 
Questionnaires on children's writing performance were sent to 12 different 
elementary schools, across the Netherlands. In total, 746 forms about children in 
Grades 2, 3, and 4 were returned. The pupils' ages ranged between 7.6 and 12.6 
years (mean 9.2). Each child was rated for his or her handwriting achievement 
during the past school year by his or her own teacher. In the conventional Dutch 
grading system, ratings range from 1 to 10, in which 1 stands for extremely poor, 
6 for sufficient, and 10 for excellent performance. Two schools did not take part 
in the further investigation because of the small number of children per class 
(<10), which made matching impossible. 
From the total group, 19% of the children had ratings below 6 ( the mark 
which is the expected 'sufficiency' level for their chronological age). From every 
grade (2, 3, 4) in every school (n=10), one poor writer per class was randomly 
selected to be included in the experimental group of poor writing proficiency. 
These 30 children were matched for gender, age, handedness, and grade with 30 
children from the group of writers with marks for writing performance higher than 
6. These will be referred to as good or proficient writers. Accordingly, 60 children 
were selected and administered to the full general psychomotor assessment. 
Within this group, 20 children were in the second, 20 in the third, and 20 in the 
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Measuring instruments 
General psychomotor assessment: Motometric and motoscopic aspects 
To collect data for classification of the group under investigation, and to collect 
evidence for a qualitative interpretation of the potential differences between the 
poor-handwriting group and control subjects, we applied a selected number of 
standardized test items from commonly used psychomotor test batteries. To this 
end, all children were tested by an experienced paediatric physical therapist to 
measure their level of neuromotor performance. As (at the moment of this 
investigation) no test was available for the Dutch population that encompasses 
both quantitative and qualitative aspects for gross and fine motor functions, we 
performed a combined assessment. Each child was motometrically assessed on the 
General Motor Proficiency Test (Kiphard & Schilling, 1974) and for fine motor 
proficiency by items for visuomotor skills of the Bruininks Oseretsky Test of 
Motor Proficiency (Bruininks, 1978). 
For the purpose of motoscopic evaluation, kinesiological developmental stages 
of the fundamental motor pattern of ball catching were rated, and items of the 
Motor Performance School Readiness Test (Huyberechts, 1982) were used. Ball 
catching was chosen because it is a skill that clearly reflects the developmental 
trend in proximo-distal direction (from trapping to hand catching). Additionally, 
the skill develops comparatively slowly, is very sensitive to eye-hand coordination 
problems, and its developmental stages have been described in detail (Wickstrom, 
1983). 
The Motor Performance School Readiness Test (MSRT) was originally 
designed as an early screening instrument for perceptual motor deficits that may 
be indicative of later learning problems. The test consists of neuro-developmental 
items (e.g., walking on heels, diadochokinesis, recognition and labelling of body 
parts, and left-right discrimination) as well as motoscopic items for dyskinesia, 
discreetness of movements in proximo-distal direction. Dyskinesia (involuntary 
associated movements) is seen in young children, but it also occurs in older 
children (>8 years), namely during the performance of unusual or very difficult 
movements. If involuntary movements are present, smoothness will be affected, 
although the motometric scores may well be within the normal range (Touwen, 
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1979). In this test, dyskinesia was observed during two items: walking on heels 
and diadochokinesis. Diadochokinesis consists of quickly pronating and 
supinating the hand and forearm. The observed distance the elbow moves reflects 
the degree of dissociation or discreteness of hand and arm movements. The 
accompanying movements (mainly mirror movements) in the opposite arm are 
recorded. At the age of eight, pronation and supination of the forearm is generally 
smooth and accompanied by a decreasing amount of associated movements. 
Subsequently, the Motoscopic Handwriting Observation List (Smits-
Engelsman & Portier, 1991a) on writing movements, writing posture, and penhold 
was completed by the physical therapist. With the help of this structured 
observation list, spontaneous small movements, dyskinesia, and restless behavior 
of the child were recorded. Also, the posture of head, body, and legs was 
inspected as well as the pivot of action of the writing movement (proximal or 
distal). 
Questionnaires on associated problems 
* Questionnaires which were designed to signal more general behavioral, motor, or 
school achievement problems were used in addition to the previously mentioned 
psychomotor tests. The Groningen Motor Observation Scale (GMOS) (Van 
Dellen, Vaessen, & Schoemaker, 1990) and the Groningen Behavioral 
Observation Scale (GBOS) (Van Dellen & Kalverboer, 1990) were used to 
establish whether teachers noticed motor or behavioral problems in every day 
school life. The GMOS consists of 20 statements concerning behavior regarding 
various sorts of gross and fine motor abilities and activities. GBOS was developed 
as a Dutch adaptation of a behavioral checklist by Schaefer, Droppleman, and 
Kalverboer (1965); it consists of 15 statements on behavior regarding 
(hyperactivity, attention, impulsivity, rapidly changing task orientation, and 
talkativeness (Vaessen, 1988). Statements on the child's behavior in the classroom 
were rated using a four point scale by the teacher who had known the child for at 
least half a year. The reliability of the scales is high (>.80). The third 
questionnaire was an inventory on academic achievements, reading, writing, 
physical education, and learning problems, as well as on the surmised causes of 
the writing problems in case of the poorly writing subjects. Spelling was assessed 
by means of a short standardized Dutch test (Van Dongen & Mommers, 1967). 
The children also copied a standard printed text for 5 minutes to measure their 
copying speed (number of letters copied) and writing proficiency (Hamstra-Bletz, 
De Bie, & Den Brinker, 1987). 
Self reports on personality traits 
Secondary problems, like negative self-image (Shaw, Levine, & Belfer, 1982) and 
lack of locus of control were checked by a questionnaire. Together with the 
experimenter, the children filled out the questionnaire in which their estimation of 
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Design and data analysis 
The results were analyzed for differences on the psychomotor assessment data 
between age (three levels: 8, 9, 10 years of age) and the level of proficiency (two 
levels: poor versus good writers) by means of analysis of variance (ANOVA). As 
significant interactions (alpha=.05) were found between age and proficiency, we 
used t-tests for the contrast analyses (n=60) to compare poor and good writers on 
these data. The Wilcoxon matched pairs test was carried out to analyze the 
differences between groups as regard to the questionnaires (GMOS, GBOS) and 
the self reports on personality traits. 
Results 
Psychomotor assessment 
Test scores on the General Motor Proficiency Test (Kiphard & Schilling, 1974) 
showed no significant differences between the poor-handwriting group and 
control subjects (Table 5). Subjects of the poor-writing group were equally able to 
walk backwards on a balance beam, to hop over an obstacle, to jump back and 
forth, and to move on platforms. Also the number of times the two groups caught 
a large or a small ball was almost the same. However, differences emerged on the 
test scores for fine motor proficiency. The items for visuomotor skills, drawing a 
line through a path and copying complex figures, which are rated as to spatial 
accuracy, revealed significant differences between the two groups (Table 6). 
Subjects of the poor-handwriting group made more spatial errors i.e., the ends of 
the circle did not meet, or the children overshot the boundary of the path with 
their pencils. 
The results of the motoscopic examination revealed that it was the quality of 
the gross motor patterns as well as the quality of the fine manipulative movements 
that discriminated most specifically between the two groups. Motoscopic 
differences were evident on the Motor Performance School Readiness Test (Table 
5). In particular, the number of synkinetic (mirror) movements and overflow of 
muscular activity was larger for the poorly writing subjects than for the control 
subjects. Also in ball catching poor writers more often used trapping instead of 
hand catching than did the controls (Table 6). The results on the Motoscopic 
Handwriting Observation List also showed significant differences between the 
groups (Table 6). 
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Table 5 Means (standard deviations) and p-values for the psychomotor variables 
Psychomotor variables 
Motor quotient 
Equilibrium 
Hopping 
Jumping a side 
Platforms 
Walking on heels 
Mirror movements 
Diadochokinesis 
Mirror movements 
Somatognosis 
Total items of MSRT 
Control Poor-handwriting group 
General Motor Proficiency Test 
96(15 54) 92(14 99) 
93(17 63) 86(15 12) 
97(17 19) 94(18 34) 
112(17 19) 109(18 34) 
87(24 16) 85(16 87) 
Motor School Readiness Test 
2 88 (0 32) 2 67 (0 48) 
2 07 (0 56) 1 44 (0 80) 
2 84 (0 46) 2 55 (0 70) 
2 46 (0 70) 1 77 (0 64) 
8 08(135) 7 2 6 ( 1 8 9 ) 
3 63(0 39) 3 14(0 54) 
P-value 
η s 
η s 
η s 
η s 
η s 
0 0 6 
0 01 
η s 
0001 
0 08 
0001 
Table 6 Means (standard deviations) and p-values on ball catching and fine motor tests 
Psychomotor variables 
Catching 5 times 
large ball 
small ball 
Trapping /handcatching 
Control Poor-handwriting group 
Kinesiological observation of catching 
5 00 (0 00) 4 90 (0 26) 
4 73(0 53) 4 51 (1 12) 
5 69(0 74) 5 20(100) 
Fine motor proficiency, items for visuomotor skills 
Drawing through path 
Copying figures 
Penhold 
Posture, movement 
3 96(0 18) 3 60(0 67) 
3 63(0 55) 2 83(0 91) 
Kinesiological observation of writing 
0 37 (0 67) 0 33 (0 55) 
4 83 (3 64) 9 46 (4 49) 
P-value 
η s 
η s 
0 05 
0 01 
0 001 
η s 
0 001 
Poor writing subjects exhibited far more postural and kinesiological failures (ι e , 
scoliotic trunk or head posture, more proximal axis of movement, fumbling, 
restlessness) Only 35% of the controls showed five or more negative signs 
whereas this was 78% for the poor writing subjects No significant differences 
were disclosed in the way the children held their pen (thumb and index-finger 
position) 
Questionnaires 
Results on the GMOS and GBOS are shown in Table 7 The t-tests disclosed 
significant differences between the two groups on both these questionnaires The 
poor-handwnting group showed more than average hyperactive behavior and 
behavioral problems 
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Psychomotor variables Control Poor-handwriting group P-value 
Questionnaires 
GMOS 24.20(5.85) 46.22(13.83) 0.001 
GBOS 24.61 (8.94) 38.60 ( 9.41) 0.001 
If we examine the items of the GBOS that differentiate between the two groups, a 
behavioral characteristic of the poorly writing subjects is easy to grasp. These 
children are restless and make many unnecessary movements. At the same time 
(or because of this inconsistency), they are also less task-oriented and give up 
more easily. 
The analysis of the individual items of the GMOS showed that the poor-
handwriting group scored more poorly on 16 of the 20 items on motor 
performance; namely on all six items in the category fine motor performance, on 
four out of seven concerning gross motor functioning and on five out of seven for 
general motor functioning. 
School achievement tasks 
The poor-handwriting group performed worse on the spelling test (t(55.0)=2.35, 
p<.05). However, they did not differ from the controls in overall copying speed. 
This supports previous findings by Rubin and Henderson (1982). Analysis of the 
causes for poor writing performances as mentioned by the teachers revealed some 
noteworthy findings (Table 8). Not 'fine motor disability' (73%) but 'untidiness' 
was most frequently mentioned either an important or as the most important cause 
(91%), which suggests that teachers presume that the children could do better if 
they tried harder. In 40 % of the cases of poor-handwriting in which 'clumsiness' 
was suggested as being an important cause, the children scored more poorly on 
General Motor Proficiency Test (r=.57, p<.01) and on the MSRT (r=.60, p<.01). 
The presumed cause 'poor school achievement' (24%) correlated, as expected, 
with the number of spelling mistakes (r=.59, p<.01). An extraordinary finding was 
that 57% of the poor writing subjects received no additional help for their writing 
problems, whereas only 26% was given systematic attention. 
Self reports 
The poor writing subjects liked the experimental computer tasks significantly 
better than their controls (z=-1.98, p<.05). Notwithstanding the fact that they were 
tested on a skill that exposed their poor competence, 77% liked the test 'very 
much' whereas only 53% of the good writers responded as enthusiastically. The 
poorly writing children were only slightly aware that they performed worse on the 
tasks. This can be concluded by the fact that they did not rate their own 
performance significantly lower than the controls did. 
1 
26 
61 
0 
31 
9 
39 
30 
74 
56 
2 
9 
17 
9 
26 
18 
26 
22 
9 
17 
3 
65 
21 
91 
43 
73 
34 
47 
17 
23 
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Table 8. Summary of the questionnaires, causes as mentioned by teachers to be 
responsible for poor writing. 
Causes mentioned by teacher for poor writing 
1 : % not likely to be the cause of the problem 
3: % most probably the cause of the problem 
Concentration 
Fear of failure 
Untidiness 
General motor coordination problems 
Fine motor disability 
Overall poor school achievement 
Overall language problems 
Physical or sensory deficits 
Social or family problems 
A noteworthy correlation occurred. A child in the poorly performing group 
expected his or her performance to be poorer more often if teachers rated that 
child as a poor performer in the GMOS (r=.61, p<.01). However, this relation was 
not supported by the objective General Motor Test results. Corroborative findings 
were reported by Gullo and Ambrose (1987) and Stipek (1981). Children's 
perceptions of their own ability in cognitive and school achievement is not yet 
developed. Their perceived competence tends to reflect the judgment of the 
teacher (Nicholls, 1978) till the age of eleven or twelve. 
Conclusion 
Looking back at our first research question, it can be concluded that the group of 
poor writers in this study meet the diagnostic criteria described in DSM-IV 
(1994). The group is characterized by substantially lower performance in fine 
motor coordination given the chronological age (milestones are achieved to late) 
and intellectual capacity, as well as by inadequate development of specific 
academic motor skills like writing and drawing which interferes with activities of 
daily life. These symptoms are not due to a known physical disorder like 
neurological or sensory deficits. The motor problems are parallelled by delays in 
nonmotor areas like spelling and behavioral problems. 
The second and third research questions were whether a specific 
dysfunctioning of one or more of the component psychomotor processes, as 
observed in the computer-recorded handwriting movements, could be validated by 
the results of the general psychomotor assessment, and whether there is evidence 
that within the DCD population subtypes exist which may be characterized by 
deficiencies in the different psychomotor processes. It appeared that on the 
administered assessment protocol, the group of DCD children was most typically 
characterized by a high degree of involuntary associated movements (dyskinesia), 
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a lower level of discreetness of movements, spatial inconsistencies, and fine motor 
deficits. Their movements seemed to be less well articulated or less inhibited, or 
both. These clinical observations are, therefore, in accordance with the hypothesis 
that, in terms of the psychomotor model, the deficit in dysgraphic children is 
caused by an ill-functioning muscular initiation stage. Thus, is seems possible to 
differentiate a variant within the DCD population on the basis of a deficit in one 
of the supposed psychomotor component processes. Usually, problems in 
muscular coordination showing various irregularities of muscular initiation are 
called dystaxia (Kolb & Whishaw, 1990). Therefore, a proposed term that 
adequately describes the condition of this group is 'dystaxic DCD'. 
Discussion 
The working hypothesis that has been explored in this study is that DCD is 
perhaps a less homogenous phenomenon than suggested by the fairly monolithical 
definition in DSM-IV. We reviewed different studies in the literature on groups of 
children with DCD and DCD-like symptoms, each of which described different 
patterns of psychomotor and associated deficiencies. 
The results of our experimental studies seem to lend support to the theory that 
in the sample we studied, subjects basically have a control problem: The children 
fail to tune distal musculature to the accuracy demands of a fine manipulative skill 
like handwriting. They are not particularly slow but their motor control system is 
noisy. As a result, they produce inconsistent writing trajectories. It was found that 
their movements were relatively crude and less well adapted to increased accuracy 
demands. Further evidence supporting our hypothesis that the subjects encounter 
problems with neuromotor noise management was given in this paper by 
contrasting DCD and control subjects on motometric and motoscopic variables 
and by qualitative data on motor performance and classroom behavior. The DCD 
children in this study appeared to have no signs of a general motor deficit but 
instead they showed fine motor deficits and more delicate motoscopic deficiencies 
during fundamental motor patterns. In particular, their movements seem to be less 
well articulated or inhibited, or both, leading to more synkinetic and less localized 
movements in comparison to the movements in their controls. The study reported 
here also validates the hypothesis of dystaxia as one of the varieties of DCD. It 
was concluded that the DCD variant of our study would be most effectively 
characterized by the term 'dystaxic DCD'. 
In the introduction we referred to analogous studies on groups of DCD 
children with different outcomes (Schellekens, 1985; Van Dellen & Geuze, 1990). 
Schoemaker (1992) reported that DCD children in her study acted more slowly 
compared to their matched controls. The main problem in the variant of DCD 
children studied by this author, was proposed to reside in the motor programming 
capability. It seems that motor programming was the more central locus of deficit 
in the latter sample of subjects. Because no interaction was found between DCD 
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condition and target width (as a typical accuracy demand) for any of the 
dependent variables, it seems that peripheral motor processes are not the major 
problem in this group. The Schoemaker study, therefore, seemed to have disclosed 
a different type of DCD children. Children affected by this variant of the 
syndrome are characterized by slow instead of noisy motor styles and by typical 
coordination deficits. These children were clearly motorically handicapped, but 
the locus of their deficit seems to be situated in the motor programming stage. 
Moreover, the group of poor performers in the latter study exhibited motor 
behavior that resembles some of the kinematic features of children suffering from 
cerebral palsy. In a study on arm coordination in children with cerebral palsy, 
Eliasson, Gordon, and Forssberg (1991) reported an impaired capability in these 
children to develop motor programs and to program the features of the movement 
in advance, as evidenced by typical pauses between the subsequent parts of a 
movement pattern. Problems in programming purposeful movement in the absence 
of peripheral causes are called dyspraxia. Therefore, we proposed to coin the term 
'dyspraxic DCD' for this variant of the syndrome. 
Although the patients suffering from congenital hypothyroidism in the 
Kooistra study do not meet the criteria of DCD mentioned in the DSM (Table 3), 
the resemblance of the performance of the medium T4 subjects to the performance 
of the dystaxic children in the present study is striking. The study on effects of 
hypothyroidism produced a picture of cerebellar motor deficit which suggests a 
substantial similarity to the dystaxic group. Their drawing and writing 
performance was cruder and spatially more noisy than that of the controls. In 
contrast to the subjects of our study, however, the child with congenital 
hypothyroidism typically has long reaction times. The Kooistra study thus 
demonstrates that symptoms related to the above-mentioned deficits may also be 
found outside a strictly defined DCD population. 
The interpretations we have given so far may clarify the relations between 
neuropsychologically neutral definitions of DCD and the possible involvement of 
neurological dysfunctions. From our point of view, the definition of the syndrome 
could be refined to differentiate between, on the one hand, a group of more 
severely impaired children with disturbances of the central higher levels of 
control, and a group with disturbances of the more peripheral psychomotor 
functions on the other. The former, the dyspraxic group is characterized by a poor 
performance in terms of motor programming errors, coordination failures, and 
general slowness. The latter, dystaxic group suffers from distal tuning problems 
and is characterized by higher than normal speed, producing structurally correct 
but spatially variant movement patterns. 
Practical implications 
The present study reports on a wide-scope and theory-based examination of 
children with DCD-symptoms. It was surmised that the broadly defined diagnostic 
category of DCD includes a heterogenous variety of motor disorders. A 
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breakdown into more refined variants, based on motor control theory and 
empirical validation, is proposed by the authors. The results imply that, within 
DCD, at least two subtypes of children are to be distinguished. The children 
belonging to the two subtypes show different kinds of performance problems, 
which are not merely caused by different degrees of impairment. The results 
suggest that reliance on a single diagnostic measure is not to be recommended. A 
combination of diagnostic instruments is necessary because each of them 
measures different aspects of DCD. Discriminant analysis with the proposed 
theory-based framework as a basic rationale may be used in the future to find the 
most appropriate examination protocols for DCD and to find more evidence for 
subtypes of DCD. As a result, typical profiles of the different DCD patterns may 
be developed (including comorbidity) and combined with findings from other 
disciplines (e.g., electrophysiology, brain imaging). Treatment of these children 
must be based on an understanding of the functional nature of the impairment. 
Interventions may then be tailored to the unique combination of symptoms and 
problems exhibited by the child. Although an individualized approach is needed in 
each treatment, general guidelines for intervention may be developed for each 
subtype. Within the intervention program, coaching of family and teachers is 
important for the prevention of negative perceptions and attributions. After all, 
these children need the encouragement from the professionals, as well as from 
their social environment to stay in the game, or to get off the sideline if they had 
given up trying. Strong evidence for the impact of such a negative perception was 
given by Gillberg, Gillberg, and Rasmussen (1983) who reported that 50% of the 
severe MBD children were not awarded any mark at all for gymnastics because 
they had not even participated! To improve the efficacy of DCD treatment, close 
follow-up of the interventions is crucial. 
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Summary of the thesis 
What do we know about the underlying processes of fine-motor coordination 
development and deficiencies, and can we measure these processes? The present 
thesis reports on the research conducted in the framework of a project which 
intended to contribute to the scientific study, theory-based diagnosis, and 
treatment of disabilities of handwriting and similar fine-motor skills in children. In 
the project we tried to answer six related questions, which are covered in the 
chapters of the thesis. 
Briefly stated these six questions are: 
1. What is, in quantitative terms, the incidence of problems with the mastery of 
handwriting in the general population of children in Dutch elementary school? 
2. To what degree is an ordinary teacher in elementary school equipped to make 
a reliable judgment about a child's deficiency of handwriting as established by 
standardized tests? 
3. Is it possible, from the perspective of modern psychomotor theory, to attribute 
poor handwriting to one or more of the theoretically distinct underlying motor 
and attentional processes? 
4. To what extent is the failure to arrive at a sufficient level of skill, given normal 
training conditions, a persistent individual trait instead of a transient 
developmental lag? 
5. If, as argued in answering the third question, it is the recruitment of the distal 
musculature that is the most likely candidate component of malfunctioning in 
the group of children under study, how can their problem then be characterized 
in terms of the recent biomechanical views of motor behavior? 
6. Which implications can be derived from the findings collected and reviewed in 
the context of the previous questions for the current notions on the diagnosis 
and classification of deficiencies of fine-motor skills? 
Following an exposé of the general aim of the thesis and overview of its different 
parts in Chapter 1, each of the above mentioned questions is considered in detail 
in the consecutive chapters of the thesis. The first and second question, which are 
important from a descriptive rather than a theoretical point of view, are the leading 
topics in Chapter 3. The question is to what degree problems with insufficient 
progress in the mastery of handwriting are prevalent amongst the general 
population of elementary school children in the Netherlands and, secondly, 
whether the children's teachers are able to recognize individual children with such 
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problems. The prevalence of problems in handwriting education relates to (and in 
fact strongly underlines) the practical relevance of this study. A comparison was 
made between an estimation of the children's handwriting performance by the 
teachers, psychomotor test scores, and a set of objectively measured variables 
derived by computer analysis. Based on the teachers' ratings, the prevalence of 
severe writing problems was estimated at 22% of the population. The teachers' 
estimation of handwriting performance appeared to predict performance on the 
other handwriting tasks rather accurately. 
In Chapter 4, it is attempted to give an empirical answer to the third, perhaps 
most basic question of this thesis. The question was whether children who make 
insufficient progress in mastering the psychomotor skill of handwriting are to be 
characterized by some common malfunction in one or more of the theoretically 
distinct, underlying psychomotor processes. Before doing so, however, a process-
oriented approach to the study of motor behavior is introduced in Chapter 2 as an 
alternative to the traditional product-oriented accounts of motor deficiencies in 
children. A basic feature of this model, which was originally developed for the 
study of psychomotor aspects of handwriting in adults, is that it presents a 
modular account of the handwriting process. Handwriting is considered to be a 
compound of processes. The final, visible products are the concerted output of 
several different component processes dealing with intentional, linguistic, 
perceptual, attentional, and psychomotor aspects of the information. In the thesis 
we concentrated on psychomotor components of the handwriting process because 
from existing knowledge it was concluded that the deficiencies of the children 
under study were most likely related to a dysfunction of specifically psychomotor 
components of the task. 
In order to localize the observed handwriting deficiency in one or more of the 
psychomotor modules of the model, we developed a special method, the 'process 
loading task method'. Essential to this method is that experimental handwriting 
tasks are designed in which certain task demands function as the principal 
variables chosen to affect one of the processing modules of the theoretical model 
selectively. An example of such a variable is letter form (allograph) alternation. 
Experimental writing tasks in which letter forms change at each consecutive letter 
position (such as in the word 'enen') are assumed to put a higher processing load 
on the allograph retrieval stage of the model as compared to tasks with a higher 
degree of repetition within the task word (such as in 'eenn'). By means of 
ANOVA's with poor versus proficient writers as between-subjects variable and 
high versus low allograph retrieval load as the experimental task variable, the 
statistical interaction between the subjects and the task demands it can be 
determined whether allograph retrieval is a relevant clue to poor handwriting 
performance. In the same manner, task demands were manipulated which 
functioned as a principal variable to size parameterization and muscular initiation, 
the latter two processing modules representing two of the other component 
processes of the handwriting model. 
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After having introduced the method in some detail in Chapter 2, we apply it in 
Chapter 4, in an empirical investigation into the origins of poor handwriting. The 
method was used to find out which of the basic psychomotor processes were 
deficient in children with fine-motor coordination deficiencies. Because school 
grade was entered as a second between-subjects variable in the design in the 
experiment reported on in Chapter 4, we could also give an answer to the fourth 
question that sought to differentiate between developmental delay and 
psychomotor deficiency as possible causes of poor handwriting. The major 
outcome of the experiment was that poor handwriting was related to task demands 
which required the subject to make fine, distal finger coordinations. Thus, it was 
concluded that muscular initiation was most likely the processing module 
responsible for poor handwriting. The poor writers evidenced neither any specific 
problem with letter form retrieval, nor with size control, nor with any problem 
originating from an attentional deficit. 
The comparisons between age groups revealed significant developmental 
features in children of 8, 9, and 10 years of age. One of the findings was that only 
in the youngest group of children selection of the motor program for the allograph 
is a critical task demand. This difference disappears at later ages. As to size 
control, it turned out that younger children had more difficulties when producing 
larger letter sizes, probably because of their failure to plan and execute larger line 
trajectories. 
In Chapter 5, the fourth question as to the relation between normal and lagging 
developmental pace on the one hand and poor handwriting on the other is further 
explored in a comparison between cross-sectional and longitudinal data. In this 
one-year follow-up of the study described in Chapter 4, we specifically focused 
on developmental trends and poor handwriting performance as individual traits. A 
selection of 16 children (matched for age, grade, and writing proficiency) was 
tested a second time, after one year, on the same tasks as described in Chapter 4. 
The longitudinal comparisons disclosed significant effects of development on 
movement time (decreases), dysfluency (decrease), and acceleration (increases in 
the two oldest age groups but not in the youngest group). Again, significant 
interactions between proficiency level (poor versus good writers) and spatial 
accuracy demands, and a second order interaction between proficiency level, 
development (first versus second measurement), and the spatial accuracy demands 
were found for spatial features (overshoots and undershoots): One year later the 
poor writers made even more overshoots in the larger letter condition and more 
undershoots in the small letter condition, whereas good writers developed fairly 
consistently towards a better performance. 
Chapter 6 reports on a further study into the determinants of poor handwriting 
as suggested by the fifth question, posed at the outset of this summary. In Chapter 
4 it was reported that, additionally to their sensitivity to the spatial accuracy 
demands, poor writers are also characterized by a typical movement style or 
strategy. Instead of the typical slow motor performance of children who suffer 
from motor disturbances originating from brain damage and epilepsy, the present 
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group of ill-performers mostly performs writing trajectories at higher movement 
velocities albeit at the cost of more spatial errors. In order to gain further insight 
in the process of controlling the accuracy of movement, a new measure, developed 
by Van Galen and Schomaker (1992), was used to estimate the noisiness of a 
child's movements. A basic assumption underlying this method is that one of the 
causes of spatial inaccuracy lies in a failing control of the inherent variability of 
the motor output system. In this view, neuromotor noise is considered to be a 
dynamic influence on the spatial endpoint variability of movement, an influence 
which has to be controlled by an adequate filtering of the biomechanical 
parameters of the end-effector system. The essence of the method lies in the 
application of Power Spectral Density Analysis (PSDA) to estimate the relative 
contribution of noise to the total energy comprised in a recorded movement signal. 
In the study reported in this chapter, sixteen primary school children and were 
tested on the same experimental writing tasks as used in the other studies, and 
they were retested one year later. PSDA of the velocity profile of the experimental 
handwriting tasks was applied in order to estimate the extent of neuromotor noise 
in good and poor writers. Movements of poor writers were substantially more 
noisy than those of proficient writers, with noise frequencies typically in the range 
of neuromotor tremor. Also, poor writers were less successful in adaptively 
reducing the level of noise to increased accuracy demands of the tasks. As to the 
developmental question of the present thesis, the study corroborated the findings 
reported in Chapter 5 in that it confirmed poor handwriting to be a persistent, 
individual trait. 
Finally, in Chapter 7, the sixth and final question guided our study into the 
diagnostic implications of the findings from our experiments. In this chapter a 
study is described in which we used a broad theory-based examination of children 
with Developmental Coordination Disorder (DCD). It is argued that the results of 
our own and others' experiments, together with the new data from the 
psychomotor assessments reported in this chapter, strongly suggest that at least 
two subgroups may be discriminated within the general population of children 
who satisfy the criteria for DCD (DSM-IV, 1994). The first group, which 
practically coincides with the experimental groups in our project, suffers from 
distal tuning problems and is exemplified by a higher than normal movement 
speed and, furthermore, by structurally correct but spatially and dynamically noisy 
movement patterns. These findings imply that the group under investigation is 
characterized by a predominance of dystaxic problems: too rapid movements, too 
many errors, too little adaptation to increased accuracy demands, too much 
neuromotor noise. At the same time, we concluded in this chapter that a second 
group exists which is characterized by poor performance in terms of motor 
programming problems, coordination failures, and general slowness. Problems in 
programming purposeful movement in the absence of peripheral causes are called 
dyspraxia. On empirical grounds, we therefore proposed the conceptualization of 
at least two subtypes of DCD. Firstly, a dystaxic variant, which involves 
impairment of the meterization of movement, motor impersistence, and motor 
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Het onderzoek dat in dit proefschrift wordt beschreven probeert bij te dragen aan de 
wetenschappelijke fundering voor de diagnose en behandeling van schrijfstoomissen, 
en soortgelijke fijn-motorische stoornissen bij kinderen. Gekeken is naar welke 
onderliggende psychomotorische processen een rol spelen bij de ontwikkeling van 
de fijn-motorische coördinatie en welke stoornissen daarbij kunnen ontstaan. Tevens 
speelt de vraag of veranderingen in dergelijke processen meetbaar zijn. In dit project 
is getracht een antwoord te vinden op zes, onderling nauw verbonden vragen. Deze 
vragen komen aan bod in de verschillende hoofdstukken van dit proefschrift. 
Kort weergegeven zijn deze vragen: 
1. Met welke frequentie doen schrijfproblemen zich voor binnen de populatie van 
leerlingen aan de Nederlandse basisschool? 
2. Is een leerkracht van de basisschool in staat een valide en betrouwbaar oordeel 
te vellen over schrijfstoomissen? 
3. Is het mogelijk verschillende vormen van schrijfproblemen te onderscheiden op 
basis van motorische processen gezien vanuit een moderne psychomotorische 
theorie? 
4. In welke mate is er bij dysgrafische kinderen (onvoldoende niveau van 
schrijfvaardigheid ondanks normale leercondities) sprake van een blijvende 
stoornis of slechts van een ontwikkelingsachterstand van voorbijgaande aard? 
5. Uit de beantwoording van vraag 3 kan blijken dat het meest voor de hand 
liggende gestoorde proces bij de bestudeerde groep kinderen het verwerven van 
controle is over de meest distale spiergroepen. Indien dit het geval is, hoe zijn 
deze motorische problemen dan te vertalen in termen van de hedendaagse 
biomechanische visies op motorisch gedrag? 
6. Welke conclusies zijn te trekken uit de bevindingen, verzameld en bestudeerd 
naar aanleiding van de vorige vragen? Wat is de bijdrage van deze conclusies aan 
een hedendaagse visie op de diagnose en classificatie van stoornissen in fijn-
motorische vaardigheden? 
Nadat in hoofdstuk 1 het algemene doel van dit proefschrift en van de verschillende 
hoofdstukken is uiteengezet, komt elk van de genoemde vragen gedetailleerd aan bod 
in de opeenvolgende hoofdstukken. In hoofdstuk 2 wordt een motorische 
controlemodel geïntroduceerd. Het model vormt de theoretische leidraad aan de hand 
waarvan taken zijn ontwikkeld om de verschillende bewegingsprocessen zo selectief 
mogelijk te belasten. 
De antwoorden op de eerste en tweede vraag vormen de belangrijkste 
onderwerpen in hoofdstuk 3. Beide vragen zijn eerder belangrijk vanuit beschrijvend 
dan vanuit theoretisch oogpunt. De vraagstelling is in welke mate leerkrachten 
onvoldoende voortgang in de schrijfvaardigheid signaleren binnen de algemene 
populatie van kinderen aan de basisschool in Nederland. 
150 Samenvatting 
Van belang is vervolgens of het oordeel van de leerkrachten valide is. De prevalentie 
van de problemen tijdens het schrijfonderricht staat in relatie tot (en ondersteunt in 
feite sterk) het belang van deze studie. De inschatting van de schrijfprestatie van 
kinderen door leerkrachten is vergeleken met de resultaten op psychomotorische test-
scores en de waardes op een aantal andere variabelen, die zijn gemeten met behulp 
van een computergestuurd schrijftablet. 
Gebaseerd op de inschatting van de leerkrachten zijn ernstige schrijfproblemen 
vastgesteld bij 22 procent van de populatie. Hun oordeel over de schrijfprestatie bleek 
de vaardigheid van de populatie bij de andere schrijftaken tamelijk nauwkeurig te 
voorspellen. 
In hoofdstuk 4 is geprobeerd aan de hand van experimenteel onderzoek een 
antwoord te geven op de derde, misschien wel meest wezenlijke vraag van dit 
proefschrift: Als kinderen onvoldoende vooruitgang boeken tijdens het verwerven van 
de schrijfvaardigheid, worden deze problemen dan gekarakteriseerd door een stoornis 
in een of meer van de theoretisch te onderscheiden, onderliggende motorische 
processen? Bij de beantwoording van deze vraag is gebruik gemaakt van de 
procesgeoriënteerde benadering van motorisch gedrag uit hoofdstuk 2. Deze 
benadering vormt een alternatief voor de traditionele, produktgeörienteerde visies op 
motorische stoornissen bij kinderen. 
Het gehanteerde model is eigenlijk ontwikkeld voor de bestudering van 
psychomotorische aspecten van schrijven bij volwassenen. Een basaal kenmerk is dat 
het een modulaire visie op de schrijfmotoriek hanteert. Schrijven wordt beschouwd 
als een samenhangend stelsel van processen. De zichtbare handelingen zijn de 
uitkomst van een aantal samenwerkende processen die de intentionele, linguïstische, 
perceptuele, aandachts- en psychomotorische aspecten van de informatie bewerken. 
In dit proefschrift ligt de nadruk op motorische componenten van het 
schrijfproces. Op grond van reeds verkregen kennis kan namelijk worden 
verondersteld dat de stoornissen bij de bestudeerde groep kinderen het meest frequent 
verband houden met het feit dat (psycho)motorische processen van het schrijven niet 
goed functioneren. 
Voor dit onderzoek is een speciale methode ontwikkeld, de process loading task 
method, met als doel de geobserveerde schrijfstoornis te lokaliseren als het 
disfunctioneren van een of meer psychomotorische modules van het theoretische 
model. Essentieel voor de process loading task method is de manier waarop de 
experimentele schrijftaken zijn ontworpen. Bij bepaalde taakeisen vindt een zo 
selectief mogelijke belasting plaats van steeds één informatieverwerkende module. 
Een voorbeeld is verandering van lettervorm (allograaf). Experimentele schrijftaken 
waarin lettervormen veranderen bij elke opeenvolgende letterpositie (zoals het woord 
enen), worden verondersteld een hogere belasting uit te oefenen op het allograaf-
ophaalproces dan taken met een herhaling van letters binnen het taakwoord (zoals in 
eenn). 
Aan de hand van statistische analyses is gezocht naar interactie-effecten tussen 
het schrijfniveau (slechte versus goede schrijvers) en de experimentele taakvariabelen 
(zoals hoge versus lage belasting van het allograaf-ophaalproces). Op deze manier 
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valt vast te stellen of bijvoorbeeld problemen bij het ophalen van een allograaf een 
relevante indicator zijn voor de slechte schrijfprestatie. Op dezelfde wijze zijn ook 
de grootte-afstelling (parameterisatie) en de spierinitiatie gevarieerd en geanalyseerd. 
In hoofdstuk 4 wordt met behulp van de process loading task method is nagegaan 
welke van de psychomotorische processen waren verstoord bij kinderen met 
stoornissen in de fijn-motorische coördinatie. De schoolklas van de kinderen is als 
een tweede tussen-proefpersoon variabele ingebracht in het experimentele design. 
Daardoor is het ook mogelijk een antwoord te geven op de vraag of het mogelijk is 
een onderscheid te maken tussen een ontwikkelingsachterstand en een 
psychomotorische stoornis als mogelijke oorzaken van schrijfproblemen (vraag 4). 
De belangrijkste bevinding van het experiment is dat slecht schrijven in verband 
staat met taakeisen waarbij een proefpersoon fijne distale vingerbewegingen moet 
maken. De module waarin het spierinitiatie-proces wordt gereguleerd, kan als meest 
voor de hand liggende module verantwoordelijk worden geacht voor de 
schrijfproblemen. De slechte schrijvers vertonen geen specifiek probleem bij het 
ophalen van lettervormen uit het geheugen en ook niet bij de afstelling van de 
lettergrootte. Al evenmin vertonen zij aspecten die mogelijk wijzen op een 
aandachtstoornis. 
De vergelijking tussen leeftijdsgroepen laat duidelijke ontwikkelingskenmerken 
zien bij kinderen van 8, 9 en 10 jaar. Een van de bevindingen is dat uitsluitend bij de 
jongste groep kinderen de selectie van het motorische programma voor de lettervorm 
een kritieke taakeis is. Dit verschil verdwijnt naarmate de kinderen ouder worden. 
Wat betreft de grootte-afstelling van de letters blijkt dat jongere kinderen vaker 
problemen hebben wanneer ze grotere letters moeten maken. Waarschijnlijk is de 
oorzaak dat ze moeite hebben met het plannen en uitvoeren van grotere lijnstukken. 
In hoofdstuk 5 wordt de vierde vraag verder onderzocht door de gegevens uit een 
transversale en een longitudinale studie te vergelijken. Het gaat hierbij om de relatie 
tussen enerzijds een normale en achterblijvende ontwikkelingsfase en anderzijds 
slecht schrijven. In dit vervolg op de studie, die in het voorgaande hoofdstuk is 
beschreven, richten we ons voornamelijk op tendensen in de ontwikkeling en slechte 
schrijfprestaties als individuele kenmerken. Een selectie van zestien kinderen 
(gematched op leeftijd, klas en schrijfvaardigheid) is een tweede keer getest op 
dezelfde taken die zijn beschreven in hoofdstuk 4. Deze test vond plaats een jaar na 
de eerste test. 
De follow-up vergelijkingen onthullen significante effecten van ontwikkeling op 
bewegingstijd (afname), vloeiendheid (toename), en versnelling (toename bij de twee 
groepen met de oudste kinderen, maar niet bij de groep met jongere kinderen) van het 
schrijven. Opnieuw zijn significante interacties gevonden tussen het niveau van 
schrijfvaardigheid (slechte versus goede schrijvers) en eisen ten aanzien van spatiele 
nauwkeurigheid. Wat betreft de spatiele fouten (letter te groot of te klein) bleek er 
bovendien een tweede orde interactie te zijn tussen het schrijfvaardigheidsniveau, de 
ontwikkeling (eerste versus tweede meting) en de spatiele nauwkeurigheidseisen. Een 
jaar later schreven slechte schrijvers zelfs vaker te groot in de grote letter conditie en 
vaker te klein in de kleine letter conditie. Goede schrijvers, daarentegen, 
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ontwikkelden redelijk consistent een betere prestatie. 
Hoofdstuk 6 doet verslag van een studie naar de determinanten van slecht 
schrijven. In hoofdstuk 4 is gesteld dat naast de gevoeligheid voor spatiele 
nauwkeurigheidseisen, ook een typische bewegingsstijl of -strategie karakteristiek is 
voor slechte schrijvers. In plaats van de langzame motorische bewegingen van 
kinderen met motorische stoornissen als gevolg van bijvoorbeeld hersenbeschadiging 
of epilepsie, maakt deze groep slechte schrijvers meestal snelle bewegingen, ook al 
worden daardoor meer spatiele fouten gemaakt. 
Om meer inzicht te krijgen in het proces dat ervoor zorgt dat schrijvers de 
bewegingsnauwkeurigheid onder controle kunnen houden, is een nieuwe methode 
gebruikt. Van Galen en Schomaker (1992) hebben deze methode ontwikkeld om de 
neuromotorische ruis van de bewegingen van kinderen te meten. De elementaire 
aanname van deze methode is dat een van de oorzaken van spatiele 
onnauwkeurigheid is gelegen in een falende controle over de intrinsieke variabiliteit 
van het motorische bewegingssysteem. In deze visie wordt neuromotorische ruis 
beschouwd als een dynamische invloed op de ruimtelijke variabiliteit van het 
bewegingstraject en daarmee op het eindpunt van de beweging. Deze invloed moet 
worden gecontroleerd door een adequate filtering door middel van de controle van 
de biomechanische eigenschappen van het systeem dat de beweging uitvoert. De 
essentie van de methode is dat Power Spectral Density Analysis (PSDA) wordt 
toegepast om de relatieve hoeveelheid energie te bepalen van de ruis ten opzichte van 
de totale hoeveelheid energie van het vastgelegde signaal. 
In de studie, waarvan verslag wordt gedaan in het zesde hoofdstuk, zijn zestien 
kinderen twee keer getest met een interval van een jaar. Zij hebben dezelfde 
experimentele schrijftaken uitgevoerd als de kinderen in de andere onderzoeken. Aan 
de hand van de PSDA van de schrijfsnelheid is de mate van neuromotorische ruis 
bepaald bij goede en slechte schrijvers. Bij slechte schrijvers gaan de bewegingen 
gepaard met aanzienlijk meer ruis dan bij goede schrijvers, en deze vermeerderde ruis 
treedt met name op in frequenties die het gebied van de neuromotorische tremor 
representeren. Bij hogere eisen ten aanzien van de nauwkeurigheid slagen de zwakke 
schrijvers er bovendien minder goed in het niveau van de ruis op de juiste wijze aan 
te passen. Deze studie ontkracht dat er uitsluitend een achterstand in de ontwikkeling 
is, maar bevestigt daarentegen dat er sprake is van een persistente eigenschap die 
gebonden is aan het individu. 
Tot slot de zesde en laatste onderzoeksvraag: de diagnostische implicaties van de 
resultaten van het onderzoek. Hoofdstuk 7 behandelt een onderzoek waarin we een 
zeer breed, en op de theorie gestoeld onderzoeksprotocol hebben gebruikt bij 
kinderen met een Ontwikkelings Coördinatie Stoornis (D.C.D.). Naar aanleiding van 
de resultaten van onze eigen experimentele en motorische testen, in samenhang met 
die van andere onderzoekers, wordt bepleit dat er ten minste twee subgroepen zijn 
te onderscheiden binnen de populatie kinderen die aan de criteria van de diagnose 
D.C.D. voldoen. 
De eerste groep valt vrijwel samen met de experimentele groep in ons project. 
Deze kinderen lijden vooral aan problemen met de afstelling van de distale 
Samenvatting ljj3 
musculatuur. Kenmerkend zijn de hogere schrijfsnelheid dan normaal en bovendien 
bewegingspatronen, die weliswaar structureel correct zijn, maar ruimtelijk en 
dynamische gepaard gaan met veel neuromotorische ruis. Uit deze bevindingen blijkt 
dat deze eerste subgroep last heeft van voornamelijk dystactische problemen: te 
snelle bewegingen, te veel ruimtelijke fouten, te weinig adaptatie aan toegenomen 
nauwkeurigheidseisen en te veel meebewegingen. 
De tweede subgroep met een zwakke motorische prestatie wordt gekarakteriseerd 
door problemen met de motor programmering, fouten in de coördinatie en algehele 
traagheid. Problemen met de programmering van doelbewuste bewegingen zonder 
perifere oorzaken wordt dyspraxie genoemd. 
Op basis van empirische resultaten wordt daarom voorgesteld ten minste twee 
subtypes binnen de D.C.D. te onderscheiden. Ten eerste is er de dystactische variant 
met stoornissen in de juiste afstelling van de beweging, motorische veranderlijkheid 
en motorische onrust. Zonder dat de oorzaak daarvan al bekend is, wordt 
verondersteld dat in dit subtype de bewegingen gepaard gaan met meer ruis. Ten 
tweede wordt een dyspractische variant voorgesteld, waarbij er zich vooral 
problemen voordoen met de informatieverwerking en de planning. De problemen 
uiten zich kinematisch in traagheid en gebrek aan vloeiendheid. 
Samengevat kan worden gezegd dat de resultaten van dit onderzoek aangeven dat 
in termen van het voorgestelde modulaire model een gebrekkig spierinitiatie-proces 
kenmerkend is voor het merendeel van de zwakke schrijvers. Onze gegevens laten 
zien dat problemen met de beheersing van de ruimtelijke nauwkeurigheid van de 
distale motoriek de meest duidelijke eigenschap is van zwakke schrijvers. Alle 
beschikbare informatie wijst erop dat zwakke schrijvers in de loop van de tijd 
verminderd in staat blijven tot effectieve inhibitie van de neuromotorische ruis en tot 
aanpassing van hun neuromotorisch systeem aan de nauwkeurigheidseisen van een 
taak. Dit zou betekenen dat er ofwel meer ruis optreedt in het neuromotorisch 
systeem van zwakke schrijvers, of dat er sprake is van een dysfunctionerende 
controle over de intrinsieke ruis van het neuromotorisch systeem. 
Ten slotte wordt geconcludeerd dat de bevindingen uit dit proefschrift gevolgen 
hebben voor de classificatie en behandeling van motorische stoornissen in kinderen. 
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